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EREATA 

Volume Jf9, Number 4, July^ 1945 

Since figures 5 and 6 have been transposed, the corrections indicated below 
should be made: 

Page 289: The legend under the second graph should read: 

*^Fig. 6. Binary system: goldenrod rubber and irradiated golden rod rubber 
solutions.” 

Page 290: The legend under the first graph should read: 

‘‘Fig. 5. Binary system: hevea and irradiated hevea solutions.” 




ERRATUM 


Volume 48 ^ Number 6y November, 1944 

Page 4^0: In line 12 substitute “U. S. Department of the Interior’^ for 
‘*U. S, Department of Agriculture.’’ 




PHYSICAL-CHEMICAL INVESTIGATIONS OF GOLDENROD 

RUBBER. IV 

Increase in Viscosity and Foraiation of Photogels by Irradiation of 
Goldenrod Rubber in the Absence op Oxygen 

MORRIS M. GRAFF ani> KVALD L. SKAU 
Southet'n Regional Research Laboratory,^ New Orleans, Louisiana 

Received October 21, 1944 

When a benzene solution of raw Hevea rubber in an ordinary glass container 
is irradiated with sunlight in the absence of oxygen, its viscosity increases until 
finally a gel forms (1, 2, 3, 4, 5, 8, 9, 10, 11). This increase in viscosity is pre¬ 
ceded by a slight decrease, which is attributed to oxidation by minute traces of 
oxygen. According to the accepted theory, the A’iscosity decreases until all the 
available oxygen has bec^i used up in oxidation or depolymerization, and then 
polymerization causes it to increase until finally a gel forms. If depolymerization 
has progressed too far, that is, if the viscosity is too low, gelation does not take 
place. 

The viscosity of gold(*nrod rubber is much lowvr than that of Hevea rubber; 
for a 0.175 per cent solution in benzene at 25°(^. th(‘ absolute viscosity values 
are approximately 0.7 and 1.8 (entipoises, resp('cti\'ely (7). It has been found, 
ho^^cver, that photogeLs can be formed from goldenrod rubber, with, and some¬ 
times without, added activators. 

A bcmzene extract of a(*etone-extractf‘d goldenrod {Sohdayo leavenxcorlhii) 
leaves obtained in connection with the hanergency Rubber Proj(M*t from the 
pilot plant in this l.aboralory and containing no antioxidant was diluted to a 
(•oncentration of about. 3 i)cr cent and clantie<l by slurrying with 3 g. of M(a*ck’s 
activated charcoal pei* 100 Jiil. and filtering, th(' whole procedure' beang carried 
out in an atinospla're' of carbon dioxide*. The* e\a.ct (*onc(*ntlation of the final 
solution, asc(*rt.ain(*d by a total-solids <let(*rjinnation, was 2.91 g. pe‘r 100 ml. 

In the* following (experiments lO-ml. aliejuots of this solution were mi\('d with 
various activatois and s(*al(*d off under vacuum in Pvr(*x-glass tulx's. The 
weight of the acti\ator was 5 p(*r c(*nt of flu* W('ight. of the rubber, (*\cept in the 
experiments with chlorophyll and with ciirlum tetiachloiide*. In tlu* latter case, 
5 ml. of carbon tetrachloride was added to 5 ml. of the bcmztmc* solution. When 
chhjrophyll was used, 1 mg. of chlorophyll was added for each 250 mg. of rubber 
(0.4 per (H*nt). Ji] all case's the samples were introducc'd into the IVrex exposure 
tubes by a capillary-f ippexl funiu*!. The* solutions wx*r(* froz(*n solid in a, slush 
of solid carbon dioxide and alcohol, evacaiated to a i)i(*ssure of about 0.2 mm., 
remclted, reevacuated to eliminate most of the oxygen, and then sealed off. 

1 One of the laboratories of the Bureau of Agricultural and Industrial C4iemistry, Agri¬ 
cultural Research Administration, U. S. Department of Agriculture. 
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A test run was made for a number of activators to determine the gelling time 
in sunlight. The results were as follows: benzophenone, less than 4.6 hr.; 
benzaldehyde, less than 4.5 hr.; carbon tetrachloride, 7 hr.; benzoyl peroxide, 
8 hr.; maleic anhydride, 14 hr.; chlorophyll, 65 hr.; and quinone, 108 hr. A 

TABLE 1 


Irradiation of goldenrod rubber in absence of oxygen 


ACTIVATOR 

TIME EXPOSED 

ABSOLUTE VISCOSITY OP 0.175 PER CENT 
SOLUTION IN BENZENE AT 25"C. 

PRECIPITATION 
VALUE AT 25®C. 


hours 

cet^ipoises 

ml. 

Benzophenone. 

0 

0.700 

4.45 


i 

0.681 

4.75 



0.710 

4.55 


\ 

0.731 (incipient gelation) 

4.55 


1 

(gel) 


Carbon tetrachloride. 

0 

0.684 

4.45 


h 

0.679 

4.45 


1 

0.680 

4.40 


2 

0.674 

4.30 


3 

0.725 

4.30 


4 

0.728 

4.30 


6 

0.736 

4.35 


6 

0.765 

4.30 


7 

(gel) 


Benzoyl peroxide. 

0 

0.665 

5.05 


1 

0.683 

4.90 


2 

0.685 

4.85 


3 

0.690 

4.80 


4 

0.685 

4.75 


5 

0.697 

4.70 


6 

0.691 

4.70 


7 

0.696 

4.65 


8 

0.716 

4.70 


9 

(gel) 


Maleic anhydride. 

0 

0.694 

4.40 


4 

0.679 

4.50 


1 

0.689 

4.65 


3 

0.695 

4.60 


5 

0.710 

4.65 


7 

(gel) 



10 

0.771 

4.70 


15 

(gel) 



blank containing no activator did not gel after 108 hr. In a previous experi¬ 
ment, however, in which a different goldenrod nibber solution was used, a blank 
gelled in 10 hr. A similar inconsistency in the behavior of various goldenrod 
rubber solutions has been noted in the irradiation experiments in the presence 
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of oxygen. This inconsistency depended upon the active constituents that 
remained in the solution after the treatment with activated charcoal (6). 

A series of tubes for each of a number of these activators was exposed to sun¬ 
light for different periods of time, one tube of each set being kept in the dark 
as a blank. After exposure the tubes were stored in the dark until they were 
opened and tested. Six milliliters of each of these solutions was diluted to 100 
ml. to produce a 0.175 per cent solution of rubber. In the sample with carbon 
tetrachloride, 12 ml. was diluted to 100 ml., to give the correct final concen¬ 
tration. Aliquots were then used for the measurement of the absolute viscosity 
at 25°C, by means of a modified Ostwald viscometer, and also for determination 
of the precipitation value. The precipitation value (7) is a measure of the 
precipitability, being defined as the number of milliliters of absolute ethyl 
alcohol required at a given temperature to produce a cloud point in 10 ml. of a 
clarified benzene solution containing O.OJ75 g. of rubber sample. 

The results are given in table 1. The initial values for the viscosity and pre¬ 
cipitation value of the different solutions differed slightly, either because of the 
mere presence of the activator in the solution or because of some change caused 
by the activator during storage in the dark. 

In each case, continued irradiation caused an increase in the viscosity and 
resulted finally in gelation. With the exception of the benzoyl peroxide sample, 
this increase was preceded by an initial decrease in viscosity. In the latter 
case this initial decrease might actually have occurred during the first hour, 
at the end of which the first sample was taken. Since the gel which finally 
formed was practically insoluble in l>enzene, its viscosity and precipitation value 
could not be determined. 

Formation of rubber hydrocarbon polymers of higher molecular weight by 
irradiation would be expected to result in a higher degree of precipitability; 
that is, the precipitation value would be expected to decrease as the viscosity 
increased. This seems to be the trend for the carbon tetrachloride and the 
benzoyl peroxide samples. In the case of maleic anhydride, however, the pre¬ 
cipitation value actually increased, though the absolute viscosity increased from 
0.694 to 0.771 centipoisc. This corroborates the opinions of Stevens (11), 
Naunton (3), and Farmer (1) that the formation of photogels is not the result 
of a simple polymerization and that it may sometimes involve condensation 
with the activator. 


SUMMARY 

The viscosity of goldenrod rubber can be increased until gelation takes place 
by irradiation of its benzene solution in tin* preseiu^e of catalysts and in the 
absence of oxygen. Benzophenone, benzaldehyde, and carbon tetrachloride 
seem to be the best of the ac;tivat-ors tested. 

The authors are indebted to Florencte B. Kreeg(*r for determining some of the 
precipitation values given in the table. 
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THE TERNARY SYSTEM ISOBIJTYL ALCOIIOL-BENZENE-WATER 

AT 25°C. 

KOBKHT A. ALBKRTY and E. ROGER WASHIUIRN 
Aver^/ Laboratory of Chemistry, University of Nebraska, Lincoln, Nebraska 

Received July 17, 1944 

In continuation of the investigations of the solubility relationships for the 
ternary systems made up of benzene, water, and the lower alcohols (4), the system 
containing isobutyl alcohol has been studied. 

MATERIALS 

Redistilled water Avas used in all solubility measurements. 

The benzene was dri(^d Avith sodium ribbon and subjected to several slow 
recrystallizations, during which th(» material was constantly agitated. TIh^ 
benzene which Avas used in obtaining the recorded solulalities had a freezing 
point of 5.48°C^, a refractive index, of 1.50124, and a specific gravity, (i!f, 
of 0.87357, 

Isobutyl alcohol from the JOastman Kodak Company was n'fluxed for over 
24 hr. with active lime and then sloAvly fractionally distilled. Since measure¬ 
ments seemed to indicate that the alc.ohol still contained a little Avater, it Avas 
refluxed for an additional 4 hr. over metallic calcium and again fractionated. 
The best alcohol obtained had a refractive index, nf, of 1.39015, and specific 
gravities, dj, of 0.8172 and, df, of 0.79811. The lattor value compares favorably 
with the values obtained by Tiinmennans and Martin (3) and Willard and 
Smith (5). The \Tilue at 0.0®(\ is, lioAViwer, appreciably lower than the 0.8197 
obtaiiK'd by Michels (2). We believe that this indicates that the alcohol used 
by Michels in his determination of the mutual solubility with water contained 
some water. 
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PROCEDURE AND RESULTS 

With only a few exceptions, which will be mentioned, the experimental pro¬ 
cedure was the same as that previously described (4). Fifty-milliliter volu¬ 
metric flasks were used for the titrations, while 25.0-ml. volumetric flasks were 
employed in the study of conjugate solutions. Experiments indicated that the 
evaporation loss from the titration flasks was about 1 mg. per hour while they 
were shaken at 25°(L with their dry stoppers in place. When they were shaken 
without their stoppers, the loss was from 3 to G mg. in 10 min. Since the titra¬ 
tions were usually completed in 2 hr., and since the flasks were open only 2 or 3 
min. during this time, I<jsses due to evaporation were but a small fraction of the 
total weight of 15 g. employed. The long fine capillary tip from which water 
was added as a titrant was coated with bakelitc^ laccjufir so that very small drops 
could be added. The drops of water from the pipet weighed 5 to 7 mg. The 
alcohol and benzene drops from plain glass tips weighed 2 to 4 mg. 

A set of ternary solubility determinations was run with second-cjuality alcohol 
and benzene before using the purified materials. On the basis of tiiese titrations 
the compositions of the equilibrium mixtures could be closely af)proximated, 
and only five to twenty drops of titrant. Inid to be added in a titration. As a 
che(;k on ev^aporation losses the num))er of drops of titrant wiis counted, and the 
gain in the weight of the flask was eompannl with the sum of the drop weights. 
The difference betwe'en these values was usually less than 15 mg. When the 
differences V(‘re larger, t.h(» titration was repeated. 

When the titrant, Avater, was added to the solutions rich in benzene, the water 
drops spread out on the bottom of the flask, displacing the benzene-alcohol 
solution. These drops held so tenaciou.sly to the glass that the flasks had to be 
rtau()V(‘d from the mechanical shaker and shaken by hand to break them up. 
The ('lid point Avas a mist of water droplets in the solution. In the water-rich 
systems the end point was a mist, of lienzene droplets which floated up like little 
air Imbbles. They could be distinguished from air bubble's l)y inspect ion through 
a magnifying glass b(*(^ause of their different ind(?x of refraction. The solubilities 
are rc^coi’ded in table 1 and are plotted in figure 1. 

An Abb(' refract.om('ter was used in determining the refrac^t.ive indicc's of the 
saturated solutions, and these refractive indices Avere plotted vcrsu.s the pea* cent 
al(;ohol, per cent benzene, and per cent. AAater, The curv(‘s Avc're of such a size 
that 1.0 mm. on the abscissa ivpr(\sent('d 0.(X)02 in rcfr*active index, and 2.0 mm. 
on th(i ordinate represented 0.1 pin* (unit. The refra(;tiv(» indices of the con¬ 
jugate solutions Avere measured Avith th(^ sanu' ndract.onu^tc'r, and the composi¬ 
tions Avere d(‘t(‘rmined by reference to the curvets. The sum of t he percentages 
for any one liquid Avas always 100.00 pcT cent, Avithin 0.07 per cent. The gross 
com])ositions of the tii'-limi mixtun^s av(T(' so chosem that approxinuately ('(jual 
volumc^s of the tAvo phases Averts fornu'd, and the total Aolunie Avas such that the 
25-ml. flask Avas about half filled so that ('fficic^nt agitation w as possible. Evapo¬ 
ration lossc's in this part of the study were not (Ati* 5 mg. in the 1 hr. allowed 
for equilibrium to be reached. Concentrations of the conjugate solutions are 
recorded in table 2. The tie-lines are plotted in figure 1. 
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The solubilities of water in benzene and of benzene in water recorded in the 
literature (1) were employed. New determinations, however, were made of the 

TABLE 1 


Ternary solubility data at 


ISOBUTYL AlCOHOL ^ 

BEKZENE 

ESEEACnVE INDEX 

ISOBUTYl. ALCOHOL 

BENZENE 

XXtBACnVE INDEX 

weighi ptr c$nt 

weight per cent 


weight per cent 

weight per cent 


10.14 


1.4844 

67.85 

23.24 


20.03 

78.87 

1.4719 

73.94 

16.09 


29.76 

68.19 

1.4697 

79.22 

7.06 


39.92 

66.75 

1.4471 




50.20 

44.95 

1.4343 

4.02 



59.96 

33.39 

1.4222 

2.05 

0.23 



Isobutyl alcohol saturated with water 82.99 wt. % alcohol. 1.3880 

Water saturated with isobutyl alcohol 91.99 wt. % water. 1.3409 

Benzene saturated with water 99.93 wt. % benzene (1). 1.4978 

Water saturated with benzene 99.85 wt. % water (1). 1.3330 



Benzene Water 

Fig. 1. The ternary system isobutyl alcohol-benzene-water at 25°C. 

solubilities of isobutyl alcohol in water and of water in isobutyl alcohol. Solu¬ 
tions of water in alcohol of approximately the equilibrium concentrations (at 
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23-26®C.) were made up by weight and sealed in drawn-out test tubes. The 
temperatures at which the Avater phases first appeared on cooling the homo- 
gei;eous solutions were determined. The sealed tubes were rocked to and fro 
in the constant-temperature bath during the determination. These *‘cloud- 
points” could be reproduced to within zt:0.07°C. The solubility at 25°C. Avas 
obtained by interpolation of the data recorded in table 3. The interpolated 
solubility at 25®C. is 17.01 per cent AA^ater, Avhich agrees Avith the A^alue 

obtained by titration and is higher than the A^alue obtained by Michels (2) 
(16.66 per cent AA^ater, interpolated). 


TABLE 2 

Conjugate solutions at 25.0^0. 


WATER LAYER 

BENZENE LAVER 

Refractive index 1 

Isobutyl alcohol 

AA’ater 

Refractive index 

1 Isobutyl alcohol 

; Benzene 


wetshl per cent 

"weight per cent 


1 "weight per cent 

1 weight pet cent 

1.3339 

0.93 

98 87 

1.4966 

0 92 

: 99.01 

1 3353 

2.33 

97.39 

1.4930 

3.61 

; 96.20 

1.3366 

3.62 

96 11 

1.4861 

8.84 

1 90.84 

1.3373 

4.30 1 

95.44 

1.4721 

19.87 

: 79.07 

1.3378 

4.82 

94.98 

1 4599 

i 29 58 

' 68.36 

1.3382 

5.23 

94..59 

1 4475 

39.57 

57.09 

1.3387 

5.73 

94.13 

1.4340 

1 50. U 

44 66 

1.3390 

6.04 i 

! 93 as 

1 4228 ! 

‘ 59.48 

33.98 

1.3394 

6 43 

93.46 j 

1.4122 1 

1 67.68 

i 23.46 

1.3403 

7.32 

i 92.6*1 1 

1 

I 1.4000 i 

76.51 

11.39 


TABLE 3 

Solubility of water in isohutyl alcohol 


NO. 

ALCOHOL 

WATER 

CL(>1 D POIN 


•weight per cent 

weight per cent i 

°C 

1 

82.85 

17.15 1 

26.51 

2 i 

82.93 

17.07 i 

26.14 

“x” 

82.99 

17.01 i 

25.00 

3 

83.12 

16.88 1 

23.33 


The ''cloud-points” for solutions of isobiityl alcohol in water Averc quite in¬ 
distinct and not easily reproducible; accordingly, a different method Avas em¬ 
ployed for tliis solubility. The refiactive indices of scA-eral ncarl}' saturated 
solutions AA^ere measured at 25.00®C\ AAith an immersion refractometer. The 
cui'A e for concentration versus refractiA^e index Avas then plotted and extrapolated 
to the refi^actiAH^ index of a saturated solution, thus permitting the concentration 
of that solution ("y”) to be determined. Extrapolation of the first four roAvs 
of the data in table 4 gave 8.02 per cent for the solubility of isobutyl alcohol in 
Avater (‘'y”). This is in agreement AAith the A^alue obtained by titration and is 
loAver than the value obtained by Michels (2), AAhich is 8.15 per ctmt alcohol 
(interpolated). As mentioned under "materials”, the density of Michels' alcohol 
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indicated that the alcohol was not completely dry, and this would explain why 
his solubility values are higher than those obtained in this study. 

This system is very similar to the n-butyl alcohol-benzene-water system (4). 
n>Butyl alcohol is less soluble in water than isobutyl alcohol and shows a slightly 
greater tendency than isobutyl alcohol to concentrate in the benzene layer of a 
two-phase mixture. In the case of both alcohols, the tendency to concentrate 
in the benzene layer increases with increasing amounts of the alcohol. The ratio 
of the concentration of isobutyl alcohol in the benzene layer to the concentration 
in the water layer varies from 0.99 in the case of the first pair of conjugate solu¬ 
tions to 10.5 in the case of the last pair recorded. 


TABLE 4 

Solubility of isobutyl alcohol in water 


NO. 

ALCOHOL 

WATER 

lEKRACTIVE INDEX 

1 

weight per cent 

7.01 

weight per cent 

92.99 

1.33996 

2 

7.57 

92.43 

1.34056 

3 

7.85 

92.15 

1.34082 

4 

7.94 

92.06 

1.34092 


8.02 

91.98 

1.34100 


SUMMARY 

The ternary solubility curves and tie-lines for the system isobutyl alcohol, 
benzene, and water have been determined at 25°C. The solubility of water in 
isobutyl alcohol at 25°C. has been determined by the sealed-tube method, and 
the solubility of isobutyl alcohol in water has been determined by a refractive- 
index method. 
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NOTE ON THE RELATIONSHIP BETWEEN TIME OF DIALYSIS AND 
THE BURTON-BISHOP RULE 

ELIZABETH F. TULLER^ and LAWRENCE P. EBLIN 
Department of Chemistry, Ohio University, Athena, Ohio 

Received May 1944 
Revised copy received September 18, 1944 

The so-called Burton-Bishop rule (1), which relates the valency of the coagu¬ 
lating ion to the effect of sol dilution upon the coagulating value of an electro¬ 
lyte, was found by Judd and Soruni (2) to hold for hydrous ferric oxide sols, 
provided that the sols are of extremely high purity. Since their results did not 
appear to agree with previous results, the authors have attempted to verify 
their conclusion and to determine whether there is a relationship between time 
of dialysis and the development of Burton-Bishop behavior in ferric oxide sols. 

The sols were prepared according to the procedure of Sorum (3), as modified 
in a private communication. The modified procedure consists in dropping 40 ml. 
of a molal solution of ferric chloride into 1 liter of boiling distilled water. The 
sols were dialyzed for varjdng periods of time in order that the relationship 
between coagulation values and sol purity might be investigated. 

Those sols which were dial 3 ’^zed for sufficient periods of time were found by 
test to be chloride-free. The time required for this condition to be reached 
varied in different sols from 5^ to 7 da 3 ^s. 

Using sodium chloride and sodium sulfate as coagulating electrolytes, the 
authors have found that those sols which have been dialyzed until they are 
chloride-free conform to the Burton-Bishop rule. They have found also that 
sols may conform to the Burton-Bishop rule before the}" have become chloride- 
free, and that all sols exhibiting this unexpected combination of properties had 
been dialyzed for 96 hr, Sols which had been dialyzed for 90 hr. or 102 hr. did 
not show Burton-Bishop behavior. 

It would be very difficult to determine the exact number of hours of dialysis 
required to develop either Burton-Bishop behavior or absence of chloride, since 
two sols that have been dialyzed the same length of time do not alwa^vs exhibit 
precisely the same coagulation behavior. Such diffei ences are presumably due 
to the impossibility of preparing two collodion bags of identical permeability. 
The difficulties to be overcome in making a quantitative study of the relationship 
between time of dialysis and the properties of the dialyzed sol seem to be very 
serious ones. The authors know of no prior attempt at such a stud^y. 

Further work is planned to determine the relationship of chloride-ion concen¬ 
tration to the Burton-Bishop rule. Additional electrol.ytes, as well as other 
sols, will be used. 
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VAPOR PRESSURE OF THE TERNARY SYSTEM ACETIC ACID- 
BENZENE-CARBON TETRACHLORIDE 

WILLIAM R. McMILLANi and HUGH J. McDONALD 
Department of Chemistry, Illinois Institute of Technology, Chicago, Illinois 

Received July 10, 19i4 
Revised copy received September 18, 1944 

In continuation of the program of this laboratory in the study of liquid mix¬ 
tures, the vapor pressure of the system acetic acid-benzene-carbon tetrachloride 
was investigated. The analytical data on the materials used in this study and 
the details of analysis have been discussed in a previous paper (1). 

APPARATUS AND PROCEDURE 

The apparatus used is shown in figure 1. A 250-cc. boiling flask was fitted 
with a side arm for a thermometer. Standard-taper ground-glass fittings were 
used. An ice-jacketed condenser gave efficient reflux, as shown by the fact that 
after several hours of use with many samples, only about 0.5 ml. was caught 
in the vapor trap. A hydrochloric acid-ice bath kept this t^rap at about — 1G°C. 
The manometer was carefully made and heated so as to expel any air which 
might be dissolved in the mercury or adsorbed on the surface of the glass. Air 
was admitted to the system by means of a regular stopcock. A calcium chloride 
tube extracted the greater pari of the moisture from the air before it reached 
the pump. A Cenco Hyvac (with a slight change in design) was used for lower¬ 
ing the pressure in the system. Because of the large volume of air being pumped 
through the oil, some of it was splashed onto the under side of the plate covering 
the pump mechanism and was blown out in the form of a fine spray. To remedy 
this, a new plate was constructed with a 6-in. length of J-in. pipe in the center 
and flush with the under side of the plate. This outlet was large and long 
enough to prevent oil spray or bubbles from being blown out into the air. A 
large test tube inverted over the pipe prevented foreign matter from failing into 
the pump mechanism. 

The use of a stopcock allowed the pressure to be set at the desired point with 
ease. After a feAV seconds, equilibrium was attained between the boiling li(j[uid 
and its vapor. After a few minutes, the readings of pressiu’e and temperature 
were made. The manometer was shut oft* and the temperature of the boiling 
liquid read simultaneously. The pressure could then be read at leisure with the 
cathetometer. 

Superheating was avoided by the use of boiling chips. A slow leak immersed 
in the boiling liquid also prevented superheating but carried over so much vapor 
that it was abandoned. The effects of superheating became noticeable at pres¬ 
sures lower than one-third of an atmosphere. 

The apparatus and experimental teclinique were tested by determining the 
boiling points of carbon tetrachloride at several different pressures. The vapor- 

^ Present address: Mine Safety Appliances Co,, Pittsburgh, Pennsylvania. 
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pressure values vso obtained checked the best values reported in the literature 
within about 0.3 per cent, and were reproducible. In the case of the three- 
component system the accuracy was limited, not by the pressure measurement, 
which, ill fact, was measured to a greater degree of accuracy than justified, but 
by the temperature measurement, which was read to somewhat better than 
one-tenth of a degree. 

The boiling point of each sample was determined three times under different 
pressures. One detennination was made at about atmospheric pressure, one at 



Fig. 1. Apparatus for determining boiling points under reduced pressure 

a pressure about 10 cm. lower, and one at a pressure about 20 or 30 cm. lower. 
Three points were plotted for each sample, pressure against temperature. 

The smooth curves drawn through the experimental points were extrapolated 
graphically so as to intersect the line representing 760 mm. pressure and the 
line representing a temperature of 60.0°C. In the first case, the boiling points 
of the system under normal atmospheric pressure ivere obtained. In the second 
cavse, the vapor pressures at 60°C. wore obtained. These were plotted as iso¬ 
therms and as isobars on the three-component diagram (see figure 2 and figure 3). 
In the graphical extrapolation the accuracy must necessarily have been reduced 
somewhat, from 0.3 to about 0.4 per cent. The normal boiling points and the 
vapor pressures at 60°C. are, therefore, not to be interpreted as being more 
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Fig. 2, Lines of constant-boiling point under atmospheric pressure for the ternary 
system;. 
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Fjg. 3. Lines of constant vapor pressure at OO'Cl for the ternary system. Pressures 
given in millimeters of mercury. 
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TABLE 1 


Vapor pressure of the ternary system 
A, acetic acid; B, benzene; C, carbon tetrachloride 


SAlfPXE 

BOILING 

TEUPERATUKE 

PRESSUXE 

WEIGHT PER CENT OP 

A 

B 

c 


*C. 

mm. Hg 




1 

72.0 

643.20 

0 

0 

100. 


59.5 

398.85 





36.0 

170.95 





77.2* 

760.00 





60.0* 

415.00 




2 

74.0 

677.10 

11.6 




60.5 

413.30 





43.0 

213.35 





76.8 

760.00 





60.0 

410.00 




3 

79.0 

724.65 

22.0 




60.5 

376.40 





38.5 

161.20 





80.1 

760.00 





60.0 

370.00 




4 

80.6 

! 688.90 

31.6 




1 66.6 

424.30 





42.4 

171.65 





82.9 

760.00 





60.0 

338.00 




5 

74.5 

703.35 

0 

10 

90. 


64.0 

480.75 





54.0 

336.80 





76.4 

760.00 





60.0 

417.00 




6 

78.0 

717.70 

20.5 




i 70.0 

547.05 





54.0 

306.95 





80.2 

760.00 





60.0 

398.00 




7 

82.5 

734.00 

35.0 




72.5 

528.10 





60.0 

338.45 





83.5 

760.00 





60.0 

338.45 




8 

88.0 

704.50 

54.0 




77.0 

488.80 





56.0 

229.20 





90.4 

760.00 





60.0 

273.00 

1 
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TABLE Continued 


SAMPLE 

BOILING 

XE1IFEXATI7EE 

PXESSBBE 

WEIOBT PXX CENT OF 

A 

B 


-c. 

mm. Ug 



9 

74.6 

693.95 

0 

20.0 


65.5 

512.75 




67.0 

377.05 




77.3 

760.00 




60.0 

423.00 



10 

81.2 

713.65 

34.0 



69.1 

499.25 




59.8 

346.40 




83.7 

760.00 




60.0 

351.00 



11 

87.0 

707.80 

49.5 



75.5 

505.05 




61.0 

286.50 




89.6 

760.00 




60.0 

270.00 



12 

90.0 

715.75 

64.6 



81.0 

498.40 




64.2 

282.95 




91.2 

760.00 




60.0 

255.00 



13 

76.8 

718.25 

0 

29.4 


69.6 

575.20 




58.8 

388.70 




78.7 

760.00 




60.0 

410.00 



14 

81.2 

732.30 

31.0 



71.8 

539.20 




61.0 

364.25 




82.6 

760.00 




60.0 

353.00 



15 

84.5 

727.10 

44.6 



1 76.6 

563.50 




59.8 

314.05 




86.0 

760.00 




60.0 

318.00 



16 

88.5 

731.80 

58.5 



70.5 

394.95 




61.0 

286.55 




89.7 

760.00 




60.0 

277.00 
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TABLE 1— Continued 


SAMPLE 

BOILING 

TEMPEBATURE 

PRESSURE 

WEIGHT PER CENT OF 

A 

B 

c 


“C. 

mm. Ug 




17 

75.8 

709.30 

0 

40.0 

60.0 


69.4 

579.05 





59.6 

404.10 





78.0 

760.00 





60.0 

413.00 




18 

79.0 

721.85 

27.0 




70.0 

523.00 





59.0 

353.45 



* 


80.6 

760.00 





60.0 

365.00 




10 

82.1 

1 724.95 

38.8 




72.0 

510.so 





58.5 

307.45 





83.4 

760.00 

1 




60.0 

330.00 




20 

85.0 

721.20 

51.6 




69.4 

423.70 





60 0 

285.15 





86.8 

760.00 





60.0 

285.00 




21 

77.0 

730 70 

' 0 

49.0 

51.0 


72.0 

618.15 

j 




61.5 

424.80 





78.0 

760 00 





60.0 

402.00 




oo 

79.2 

716.20 

21.4 




73.7 

603.95 





63.5 

291.40 





81.2 

760.00 





60.0 

376.00 




23 

81.0 

706.25 

36.0 




71.4 

511.90 





57.0 

295.65 





84.1 

760.00 





60.0 

335.00 




24 

84.0 

701.25 

53.0 




73.6 

493.55 





60.5 

303.85 





86.6 

760.00 

1 




60.0 

299.00 

1 

i 
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TABLE 1 —Continued 


SAMPLE 

BOtLIKO 

TEIIPEXATUBX 

PBESSUXB 


• c . 

mm. Bg 

25 

78.0 

732.96 


72.2 

595.60 


58.8 

376.40 


79.0 

760.00 


60.0 

393.00 

26 

79.8 

734.20 


71.0 

650.30 


65.5 

308.90 


80.8 

760.00 


60.0 

360.00 

27 

85.0 

733.10 


71.0 

488.50 


59.5 

307.80 


86.6 

760.00 


60.0 

315.00 

28 

86.7 

730.05 


70.0 

415.65 


59.0 

281.65 


86,8 

760.00 


60,0 

295.00 

29 

79.0 

734.10 


72.0 

58.9 

579.30 


80.0 

60.0 

760.00 

30 

80.0 

734.10 


71.3 

556.90 


58.0 

337.05 


81.0 

760.00 


60.0 

369.00 

31 

83.0 

736.15 


72.1 

504.10 


61.0 

340.60 


84.0 

760.00 


60.0 

330.00 

32 

86.0 

736.90 


71.8 

458.85 


59.0 

280.65 


87.0 

760.00 


60.0 

295.00 
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TABLE 1 —Continued 


SAMPLE 

BOIUKO 

TEMPEXATUEE 

PEESSURE 

WEIGHT PEE CENT OP 

A 

B 

C 


“C. 

mm. Hg 




33 

79.3 

735.05 

0 

77.5 

22.5 


70.0 

537.30 





58.0 

353.75 





80.4 

760.00 





60.0 

380.00 




34 

81.3 

736.35 

22.7 




71.0 

524.90 





59.2 

347.10 1 





82.1 

760.00 





60.0 

358.00 




35 

82.8 

736.30 

37.6 




70.0 

471.40 





60.0 

323.70 





83.5 

760.00 





60.0 

323.70 




36 

86.6 

736.45 

53.0 




71.5 

434.55 





60.0 

286.60 





87.5 

760.00 





60.0 

286.60 




37 

79.4 

732,65 

0 

89.5 

10.5 


70.0 

522.65 

i 




60.5 

373.35 





80.3 

760.00 





60.0 

368.00 




38 

80.9 

736.50 

16.5 




70.1 

521,25 





58.5 

336.10 





81.8 

760.00 





60.0 

358.00 




39 

84.5 

737.65 

42.6 




70.9 

464.85 





57.5 

274,35 





85.4 

760.00 





60.0 

309.00 




40 

86.0 

737,00 

51.0 




72.5 

446.05 





59.5 

266.25 





86.8 

760.00 





60.0 

275.00 
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TABLE 1 (Continued) 
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TABLE 1 {Concluded) 


SAMPLE 

BOILING 

TEMPERATUKE 

PRESSURE 

. 

WEIGHT PER CENT OF 

A 

B 

c 


•c. 

mm. IJg 




49 

100.0 

743.15 

74.0 

0 

26.0 


78.0 

364.55 





69,0 

245.45 





100.8 

760.00 





60.0 

138.00 




50 

84.5 

738.50 

44.5 

0 

55.5 


74.5 ' 

515.75 





60.5 

311.25 





85.4 

760.00 





60.0 

304.00 




51 

82.4 

743 85 

34.3 

i 0 

65.7 


70.8 

498.05 


) 

1 



58.6 

326 15 


1 



83.3 

1 760.00 


1 



j 60.0 

j 344.00 

1 

i 



* The last two of tlio five values of temperature and pressure, for every sample, were 
obtained by extrapolation. 

accurate than about 0.4 per cent. It is believed, however, that such data are 
of sufficient interest to be included in the tabulation of data. In talde 1 the last 
tw’o readings of temperature and pressure were obtained by extrapolation. 

The solutions to be tested were made up in the following manner: Solutions 
were made of the binary system carbon tetrachloride and benzene at the approx- 
mate 10 per cent divisions. These solutions were then eacdi treated in the same 
manner. First the vapor pressures at three different temperatui‘es were deter¬ 
mined, and a, small sample AvithdraAvn for analysis by refractive index. Acid 
was added tw o more times, and the same routine follow ed each time. To clarify 
the method of preparing and recording the samples of a gi^’en composition, con¬ 
sider sample 5 (table 1), which is 0 per cent A, 10 per cent B, and 90 per cent C, 
and sam])le 0 w}ii(‘h is listed as 20.5 per c(mt A. Sample G was prepared by 
adding A to sample 5, so that the i)er cents of B and C arc 10 per cent of 79.5, 
and 90 per cent of 79.5, respectively^ 

It Avas possible^ to analyze the fii’st sample in each case l)y refractive index 
because it w\as only a binary system. When acid Avas added tn any one of the 
eleven mixtures along the binary side, the composition of the resulting mixture 
A^aried along a straight line directly toAvurd the acid A ertex. The compositions 
of the other three mixtures could lie (if there Avas no gi*eat CA^aporation, and this 
seemed to be so, since little or no liquid Avas collected in the vapor trap) only’’ 
on a straight line betAveen the vertex and the gh'^en composition on the benzene- 
carbon tetrachloride side. The measurement of refractive index proved satis¬ 
factory for determining AA here the composition hw on that straight line (1). 
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The vapor pressures and boiling temperatures for the ternary mixtures are 
arranged in table 1. 


SUMMARY 

The vapor pressures of the system acetic acid-benzene-carbon tetrachloride 
were obtained by determining the boiling points at three different pressures of 
fifty-one samples covering the ternary diagram. The boiling points of the system 
at 1 atmosphere pressure and the vapor pressures at 60®C. are given. 

REFERENCE 
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HEATS OF COMBUSTION. III^ 

The Heats of Combustion of Some Polynitroparapfins 

A. J. MILLER AND HERSCHEL HUNT 
Department of Chemistryy Purdue University^ Lafayettey Indiana 

Received September 18^ 1944 

The combustion apparatus designed by Miles and Hunt (2) and Crog and 
Hunt (1) was modified so that a modern Parr oxygen bomb could be employed 
instead of the glass combustion chamber used with vapors. Essentially, the 
method is the so-called “ordinary’’ non-adiabatic calorimetric method, with 
proper corrections made for heat transfer, the energy involved in the firing of 
the iron wire, and energy liberated by the formation of nitric acid. 

l^niform samples of iron wire were used to fire the sample. The energy 
liberated in firing the iron wire was 19.70 g-cal.i 5 ®. The heat capacity of the 
calorimeter was determined by using benzoic acid as a standard. Its heat of 
combustion as furnished by the National Bureau of Standards is 6315.3 ik 1.7 
g-cal.is® per gram. Nitric acid formed during the combustion was determined 
by titration with 0.01 N sodium hydroxide. Washburn’s value of 14,621 g-cal.i 5 «> 
per mole was used as the heat of formation of nitric acid under these conditions. 
The volume of the calorimeter was 358.0 ml., so a sample of approximately 1 g. 
was used. This sample was made in the form of a pellet and was weighed with 
an accuracy of 0.05 mg. Five grams of water was placed in the bomb in order 
to saturate the air with water vapor before the combustion. The initial oxygen 
pressure in the bomb was 30 atmospheres. 

The nitroparaffins were purified until thej^ gave sharp melting points that did 
not change on recrystallization. 

1 This article is based upon a thesis submitted by A. J. Miller to the Faculty of Purdue 
University in partial fulfillment of the requirements for the degree of Doctor of Philosophy, 
August, 1943. 
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The heats of combustion given in the table below were found for the com¬ 
bustion of the solid nitroparafBns to form gaseous carbon dioxide, liquid water, 
and gaseous nitrogen in a bomb at constant volume and under a pressure of 30 
atmospheres at 25°C. 


NITKOPAEAiriN 

.2^ c; 

Dinitroneopentane. 

kg-cal / r mole 

-746.91 db 0.77 
-292.0 ± 1.6 
-872.40 =fc 0.44 
-700.46 ± 0.72 
-586.13 dt 0.24 

2,3“Diinethyl>2,3-dinitrobut ane. 

2-Methyl-2,3,3-trinitropentane. 

2-Methyl-2,3,3-trinitrobutane. 

2,2,3,3-Tetranitrobutaiie. 
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COMPARISON OF THE PROPERTIES OF FRESHLY PRECIPITATED 
AND HEATED ALUMINOSILICATES AND ALUMINA AND 
SILICA GELS AND OF CLAY MINERALS 

S. P. RAYCHAUDHURI and N. B. DATTA 
Chemical Laboratory, Dacca University, India 

Received October 4, 1^44 

Raychaudhuri and Qudrat Ghani (13) have found that the uptake of base 
by pure gels of silica and alumina is comparatively small and that the uptake 
of base is greatest with aluminosilicate gel having a Si 02 :Al 208 ratio of 8.0. 
They have shown that the buffer curves of the clay minerals do not correspond 
much in nature to the buffer curves of electrodialyzed precipitated alumino¬ 
silicate gels and of the same gels after treatment with hot 10 per cent aluminum 
chloride solution. Raychaudhuri and Hussain Miah (14) have shown that 
freshly prepared aluminosilicate gels possess much less buffer capacity than 
aged ones, and that the buffer capacity of freshly prepared materials passes 
through a maximum value with increasing Si 02 :Al 203 ratios, whilst with aged 
ones, the buffer capacity continuously increases as the Si 02 :Al 208 ratios of the 
precipitates increase, attaining a maximum value with pure silica gel. The 
maximum value of buffer capacity at a certain Si 02 :Al 203 ratio of the freshly 
prepared gels is in agreement with the findings of Mattson (6, 7) and Wiegner 
(15). The continuous increase in buffer capacity with increase in Si02:Al208 
ratio of the aged precipitate proves that aging brings about certain fundamental 
changes in the structure of the gels, such that the greater the proportion of silicic 
acid anions in the aged precipitates, the more open is the soil structure, pure 
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silicic acid gel having the maximum open structure. The work of Raychaudhuri 
and Hussain Miah suggests that aging of aluminosilicates favors the formation 
of clay mineral structure. 

Chatterjee and Sen ( 4 ), working with synthetic mixtures of colloidal solutions 
of silicic acid and aluminum hydroxide, have shown that the pH and specific 
conductivity of the mixtures change with time, indicating the presence of a slow" 
interaction betw^een colloidal silicic acid and aluminum hydroxide. They have 
sho^vn that the potentiometric titration curves of mixed gels wdth sodium hy¬ 
droxide do not resemble those of either the silicic acid or aluminum hydroxide 
sols. 

Noll (10) has synthesized a number of clay-forming minerals by heating 
amorphous silica and alumina with water or sodium hydroxide solution to 300- 
500®C. in a hydrothermal bulb. In the absence of alkali hydroxides, he ob¬ 
tained kaolin, but in tlieir presence montmorillonite was produced. Noll has 
also shown that under the conditions of hydrothermal metamorphic mineral 
formation, up to 400X\, with RiO-i.'AloOs ratio 2:1, kaolin is formed, and at 
400-500°C. a pyrophillitc mineral. He has also shown that no reaction takes 
place between alumina and silica in adsorption mixtures at room temperature, 
but that reaction is rapid under hydrothermal conditions. 

It appears, however, that so far no systematic investigation has becm cairied 
out on the properties of aluminosilicates formed under different conditions. 
The approximate composition formulas of three important clay-forming min¬ 
erals, kaolin, heidellite, and montmorillonite, are, respectively: AI 2 O 3 * 28102 • 
21120 , Al 203 * 3 Si 02 *riH 20 and Al 203 * 4 Si 02 *nH 20 . It was felt desirable to mix 
the silicic acid and aluminum hydroxide sols in these molar ratios in different 
w^ays and to study the physicochemical properties of the precipitates. The 
aluminum hydroxide and silicic acid sols have been mixed in three different w’ays, 
viz.: (1) Silicic acid sol Avas added slowly, at a rate of about 120 drops per 
minute, to an aluminum hydroxide sol, in a beaker, with continuous stirring 
(precipitates 1, 2, and 3). (^) Aluminum hydroxide sol was added sloAvly, 

at a rate of about 120 drops per minute, from a buret to a silicic acid sol in a 
beaker, with continuous stirring (precipitates 4, 5, and 6 ). (S) Silicic acid 

and aluminum hj^droxidc sols were taken in tw^o bottles and were allowed to 
come in contact with each other drop by drop (precipitates 7, 8 , and 9). 

The mixing molar ratios of silica to alumina of the sols w'ere 2, 3, and 4 in 
each of the above three ways of mixing. The precipitated gels w"ere purified by 
electrodialysis and the following properties were determined: (a) chemical com¬ 
position (Si 02 :Al 203 ratios); (p) electroosmotic charge; (c) base-saturation 
capacities; (d) moisture-holding capacity at 50 per cent relative humidity; (e) 
buffer curves. The above experiments w^ere also carried out with electro- 
dialyzed silica and alumina gels and clay-forming minerals,— viz.^ montmoril¬ 
lonite, halloysite, kaolin, quartz, and bauxite. 

The nine precipitated aluminosilicates, the gels of silica and alumina, and the 
clay minerals were heated in a steam autoclave for a period of 12 hr. at 1 atmos¬ 
phere pressure of steam. The substances w"ere cooled and stored in w"ide- 
mouthed bottles and their physicochemical and electrical properties w^ere studied. 
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EXPERIMENTAL DETAILS 
Preparation of sols and precipitates 

Silicic add sol: Silicic acid sol was prepared by adding a 5 per cent solution 
of sodium silicate to an excess of dilute hydrochloric acid. The sol was purified 
by dialysis for 3 days in a parchment bag with running distilled water. 

Aluminum hydroxide sol: A 0 per cent solution of aluminum chloride was 
heated to boiling and dilute ammonium hydroxide was added slightly in exc^ess. 
The excess ammonia was boiled off, the precipitate uas washed well with hot 
water, and transferred to a flask containing water—the actual proportions being 
1 liter of water to every 6 g. of alumina. The mixture was heated and kept 
boiling and 0.05 N hydrochloric acid added from a buret. After each addition, 
water was added to replace that boiled off. An opalescent liquid that could be 
filtered unchanged was obtained. The colloidal solution of aluminum hydroxide 
thus prepared was then subjected to dialysis in a parchment bag for several da 3 ^s, 
tlie pll at. the hiagt* when diah^sis was discontinued being 5.8. 

Estimation of silica and alumina: Silica and alumina were estimated as given 
in A. E. O. C. (1). 

Preparation of the precipitates: Alumina and silic^a sols were mixed in the 
different ways described i)reviousl 3 % and nine precipitates were obtained. 

Electrodialyzed gel of silicic acid: The silicic, acid sol, on (tontinued dial 3 \sis, 
set to a stiff gel, which was subjected to prolonged elec^trodialysis until the 
cathode was free from chloride. 

Electrodialyzed get of aluminum hydroxide: To a solution of aluminum chloride 
in wal(*r, ammonia was added. The precipitated aluminum hydroxide was 
washed with water, dialyzed in a parchment bag in running distilled water, and 
sul)sequent \y electrodialyzed. 

Electrodsmotic charge of precipitated gels and minerals 

The cleotroosmotic experiments ^^ith the precipitates and minerals were 
carried out bv the modified method of Ihiggs (3), as recommended b}" Muk- 
herjee (8, 9). 

Determination of saturation capacity at pH 7.0 

The saturation capacities at pll 7.0 were determined Iw the barium acetate- 
ammonium chloride method of F. W. Parker (11). 

Determination of moisture-holding capacity at 50 per cent relative humidity 

The procedure adopted uas that of Keen and C'outts (5). 

Determination of the buffer cimrs of the precipitates and 7ninerals 

The procedure used was that devised by Schofield (1933). 

RESULTS AND DISCUSSION 

Table 1 shows the (H)ncentrations of the silicic acid and aluminum hydroxide 
sols. 
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Table 2 shows the moisture contents of the gels and minerals before and after 
heating in the autoclave in the presence of moisture. The moisture contents 
of the gels decrease after heating; the decrease in the moisture contents of the 
minerals after heating in the autoclave is only moderate. 

Table 3 gives the molar silica-alumina ratios of the final precipitates obtained 
by different ways of mixing. The corresponding data for the minerals are also 
included. This table shows that when silicic acid sol is added to aluminum 
hydroxide sol the Si02:Al208 ratios of the precipitates are 2.49 and 2.96 with 

TABLE 1 

Silicic acid sol. 1 gram-mole of SiO? in 4630 cc. 

Aluminum hydroxide sol. 1 gram-mole of AhOj in 19,680 cc. 


TABLE 2 


1 

SUBSTANCE 

SiOstAIsOi SATXOS 

MOISTUBE CONTENT 

Mixing ratio 

Composition 

ratio 

Before heating 

After heating 




per cent 

per cent 

Precipitate 1. 

2.0 

1.91 

86.5 

27.6 

Precipitate 2. 

3.0 

2.49 

90.0 

72.2 

Precipitate 3. 

4.0 

2.96 

80.0 

1 

54.9 

Precipitate 4. 

2.0 

1.72 

90.6 

82.7 

Precipitate 6. 

3.0 

1.93 

92.1 

85.0 

Precipitate 6. 

4.0 

3.31 

89.4 

78.2 

Precipitate 7. 

2.0 

1.18 

90.4 

63.8 

Precipitate 8. 

3.0 

1.62 

83.5 

52.5 

Precipitate 9. 

4.0 

1.89 

89.5 

54.4 

Silicic acid gel. 



86.5 

34.9 

Aluminiim hydroxide gel. 



61.7 

1 7.4 

Montmorill oni te. 


5.14 

1.2 

2.4 

Halloysite. 


i 1.98 

8.1 

7.0 

Kaolin. 


1.95 

1.1 

1.9 

Quartz. 



0.4 

2.2 

Bauxite. 



1.4 

1.9 


precipitates 2 and 3. It is interesting to note that the composition ratios of pre¬ 
cipitates 4 and 5, where the mixing ratios of Si02: AhOs are 2 and 3, are 1.72 and 1.93, 
respectively, both of which are lower than the corresponding composition ratios 
of the precipitates formed when silicic acid sol is added to aluminum hydroxide 
sol. With precipitate 6, however, where the mixing ratio is 4.0, the composition 
ratio is 3.31, which is higher than the corresponding figure when the precipitate 
is formed by adding silicic acid sol to aluminum hydroxide sol (2.96). On the 
other hand, when the precipitates are formed by mixing silicic acid and aluminum 
hydroxide sols dropwise, the Si 02 :Al 20 « ratios of the precipitates are always less 
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than 2.0. Thus when the mixing is done dropwise, there is a tendency for a 
greater proportion of aluminum to react with the silica. The conclusion may 
be drawn that the composition of a precipitate of an aluminosilicate depends 
on its mode of formation. In agreement with the work of Mattson (7), it is 
found that the Si 02 :Al 203 ratios of the precipitates increase with increase in the 
ratio of silica to alumina. In the first method of mixing (precipitates 1,2, and 3) 
silicic acid sol was added dropwise to aluminum hydroxide sol. It is probable 
there that some uncombined silica may have remained inside the cores of these 
precipitates. Hence with precipitates 1, 2, and 3, the composition ratios Si02: 
AhOa are comparatively high. The reverse may be the case with the precipitates 
obtained by the second method of mixing, where it is likely that some uncombined 
alumina may remain inside the cores of the precipitates, thereby lowering gener- 


TABLE 3 


SUBSTANCL 

SiOtrAltC 

Mixing ratios 

KATlOb 

Composition ratios 

Precipitate 1 . . 

2.0 

1.91 

Precipitate 2.. . . .. . 

3.0 

2.49 

Precipitate 3 

4.0 

2.96 

Precipitate 4. . . 

2.0 

1.72 

Precipitate 5 . . 

3.0 

1.93 

Precipitate 6 . . 

4.0 

3.31 

Precipitate?., . 

2.0 1 

1.18 

Precipitate 8 . .. 

3.0 1 

1.62 

Precipitate 9 . .... . i 

4.0 ! 

1.89 

1 

Montmorillonite* . . | 


5.14 

Halloysite . ... .1 


1.98 

Kaolin . . . 

___ 

1.95 

* Montmorillonite was found to be contaminated with a considerable amount of quartz. 


ally the composition ratios. In mixing the sols dropwise, there is less likeli¬ 
hood of any alumina or silica remaining in the free state in the precipitates. 

Electroos^notic experiments 

The results of electroosmotic measurements of charge are shown in table 4. 
The data show that when silicic acid sol is added to aluminum hydroxide sol, 
the fresh precipitates are positively charged, and that the precipitates obtained 
in the other two modes of formation are negatively charged, except for pre¬ 
cipitate 9. According to Mattson (7), the precipitates having SiOniAhOs molar 
ratios less than 3 should be electropositive and precipitates having Si 02 *Al 208 
molar ratios equal to 3 should bear no charge. In the present case, although 
the precipitation was carried out in hydrochloric acid medium, we found a notice¬ 
able exception to Mattson^s generalization in the case of precipitates 4, 5, C, 7, 
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and 8, which are negatively charged. The positive charge of precipitates 1, 2, 
and 3 may be accounted for as being due to uncombined alumina on the surface 
of the precipitates which might have resulted from precipitation in an atmosphere 
of aluminum hydroxide to which silicic acid sol was added drop by drop. It 
appears from the data in table 4 that with precipitates formed in the same way 
of mixing, the electropositive character increases as the composition ratios 
SbOrAhOs of the precipitates increase. 

The recent w^ork of Chatterjee and Sen (4) shows that when the synthetic 
mixtures are prepared by adding increasing amounts of colloidal aluminum 
hydroxide to a definite volume of silicic acid sol, the precipitates having the 


TABLE 4 


SUBSTANCE 


ELECTBOdSMOTlfc MOVEMENT OF AIR BUBBLE IN 
CENTIMETERS PER 5 MIN., UNDER 110 VOLTS 


.. - i 

Freshly precipitated 

Heated 

Precipitate 1. 

+2.41 

-1.25 

Precipitate 2. 

+2.66 

-1.55 

Precipitate 3. 

+3.65 

-1.80 

i 

Precipitate 4. 

-2.54 

-1.85 

Precipitate 5. 

-2.22 

-1.72 

Precipitate 6 .. . ... . 

-0.30 

-1.65 

Precipitate 7 . 

-0.45 

-2.65 

Precipitate 8. . | 

-0.31 

-2.75 

Precipitate 9. . . ... 

+2.99 

-2.35 

Silica. ... .... 

-1.12 

-0.60 

Alumina . 1 

+ 1.65 

+1.18 

Montmorillonite ... j 

-3.41 

-3.25 

Halloysite. . 

-1.28 

1 -0.80 

Kaolin .... . 

-2.19 1 

1 -1.27 

Quartz. . 1 

-1.44 ! 

-1.18 

Bauxite . .. . 

+0.40 ! 

+0.30 


mixed ratios of Si 02 :Al 203 of 2:1, 1:1, and 1:2 are all electropositive. Similar 
results have also been obtained by Bradfield (2), who found that a mixture 
having a Si02:Al203 ratio of 1.85:1 was electropositive. The results in table 4, 
however, suggest that the electrical charges of freshly formed precipitates de¬ 
pend on their modes of formation and on their compositions. 

The data in table 4 show that all the electropositive precipitates become 
electronegative on heating. Precipitates 6, 7, and 8, w^hich possess only a small 
electronegative charge in the freshly precipitated condition, become appreciably 
more electronegative after heating. The naturally occurring silicate minerals 
are all electronegative. The suggestion may, therefore, be made that mineral 
structures are developed in the gels after heating in an atmosphere of moisture, 
the presence of w^hich is necessary, as otherwise the minerals would be dehy¬ 
drated. 
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The small decrease in the negative charges of the minerals montmorillonite, 
halloysite, kaolin, and quartz after heating is significant and suggests that with 
minerals whose structures have been fully developed, excess of heating causes 
destruction of the structures. It is interesting to note that the electropositive 
charges of both freshly precipitated alumina and bauxite decrease somewhat 
after heating, but still remain electropositive. On comparison of the electro¬ 
negative charges of the heated precipitates and of the minerals, both before 
and after heating, it appears that with precipitates which have been formed by 
mixing the sols dropwise, the electroosmotic negative charge is of the same order 
as that of montmorillonite. On the other hand, the precipitates which have been 


TABLE 5 


SUBSTANCE 

SATURATION CAPACITY 
PER 100 O. OF OVI 

Freshly precipitated 

IN MILLIEQUIVALENTS 
N-OKY MATERIALS 

Heated 

Precipitate 1. . 

19.1 

80.0 

Precipitate 2 . . 

53.4 

80.7 

Precipitate 3 ... 

85.6 

86.8 

Precipitate 4 ... .... . 

47.0 

84.6 

Precipitate 5 . . . 

95.3 

65.5 

Precipitate 6 , .... 

46.6 

59.8 

Precipitate 7 ... 

26.7 

35.8 

Precipitate 8 . 

13.3 

38.0 

Precipitate 9 . 

51.1 

60.3 

Silica. . 

41.4 

110.0 

Alumina. . 

5.9 

4.2 

Montmorillonite. 

8.6 

8.4 

Halloysite... . . 

9.2 

4.1 

Kaolin .. . .... 

4.5 

2.4 

Quartz . 

2.4 

21.3 

Bauxite. 

1.7 

4.8 


formed in the other two ways possess, after heating, electronegative charges of 
nearly the same order as that of kaolin (— 1.27). The suggestion may, therefore, 
be made that substances having electrical charges of the order of montmorillonite 
tend to be formed when the precipitates are i)roduced by mixing the silicic acid 
and aluminum hydroxide sols dropwise. On the otlier hand, when the precipi¬ 
tates of aluminosilicates are formed either by adding silicic acid sol to aluminum 
hydroxide sol or vice versa^ the tendency is for the formation of substances having 
electrical charges of the order of kaolin. 

Determination of base-saturation capacities 

The results given in table 6 show that when silicic acid sol is added to alumi¬ 
num hydroxide sol, the base-exchange capacities of the precipitates increase with 
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increase in the Si02: AUOi ratios. These observations are in agreement with the 
findingfi of Mattson (6, 7) and Wiegner (15). When alumina sol is added to 
silicic acid sol, however, a maximum value in base-exchange capacity is foimd 
(precipitate 5) with increasing Si 02 : AhOa ratios of the fresh precipitates, whilst 
with the heated ones, the base-saturation capacity decreases as the Si 02 :Al 208 
ratios of the precipitates increase. The observations with fresh precipitates 
4, 5, and 6 are in agreement with the findings of Wiegner and Mattson: viz,, 
that the base-combining capacity has a maximum value at a Si 02 :Al 208 ratio 
of about 3.0. The decrease in base-combining capacity with further increase 
in the Si02: AI2O3 ratio of the precipitates has been explained as being due to the 
destruction of the silicate structure, and this probably explains the continuous 
decrease in the base-combining capacities of precipitates 4,5, and 6 after heating. 
With precipitates formed by mixing silicic acid and aluminum hydroxide sols 
dropwise, there is a maximum value in base-combining capacity when the pre¬ 
cipitates are fresh. When these precipitates are heated, however, the base- 
exchange capacities continually inci’ease as the Si 02 :Al 203 ratios increase. 

A comparison of the data in tables 4 and 5 shows that the base-exchange 
capacity increases with increase in the negative charge of the heated precipitates 
1, 2, and 3. With the fresh precipitates 1,2, and 3, however, the positive charge 
increases with increase in the Si 02 :Al 208 ratios and is attended with increase in 
base-combining capacities. This may be explained as being due to free alumina 
being present in the fresh precipitates; the free alumina, however, is transformed 
into aluminosilicates during the process of heating. With precipitates 4, 5, and 
6, both fresh and heated, the base-exchange capacity generally decreases with 
decrease in the electric charge, except for the fresh precipitate 5. Also, for 
precipitates 7 and 8, both fresh and heated, it is found that as the electric charge 
decreases, the base-exchange capacity decreases. Precipitate 9, both fresh and 
heated, forms an exception to this rule. 

All the precipitates show an increase in base-combining capacities after heating, 
except precipitate 5. With the silicate minerals, the base-exchange capacities 
decrease after heating, whilst with silica gel, quartz, and bauxite the base- 
exchange capacities increase after heating. It is rather significant that the 
base-combining capacities of the precipitates are all much liigher than those of 
the minerals. The reason probably is that the precipitated substances are in a 
finer state of subdivision than the powdered minerals. The decrease in base¬ 
combining capacities of the minerals after heating is probably due to the loss in 
structure of some of the active materials. 

Moisture contents eU 50 per cent relative humidity 

The results are shown in table 6. The moisture contents at 50 per cent relative 
humidity give a rough indication of the colloidal contents of the substances. 
With precipitates 1, 2, and 3, the moisture content at 50 per cent relative humid¬ 
ity increases with increase in the Si 02 ‘Al 208 ratio, with the exception of the 
heated precipitate 3. With precipitates 4, 5, and 6, the moisture contents at 
50 per cent relative humidity show a maximum value at an intermediate Si02i 
AhOs ratio, whilst with precipitates 7, 8, and 9 the moisture contents at 50 
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per cent relative humidity increase with increase in Si 02 'Al 208 ratios, with the 
exception of the heated precipitate 7. The moisture contents at 50 per cent 
relative humidity of freshly precipitated and heated alumina and of the minerals 
are very low compared with those of the precipitates. The high moisture¬ 
holding capacities of the precipitates, as compared with those of the minerals, 
may be explained as being due to the highly dispersed characters of the pre¬ 
cipitates. It is also significant that the moisture contents at 50 per cent relative 
humidity generally decrease after heating, the decrease being appreciable in 
some cases, particularly in the case of precipitates 3 and 4. This suggests that 
aging brings about certain fundamental changes in the structure of alumino¬ 
silicates; and, since the minerals are highly aged materials, the decrease in 


TABLE 6 


SUBSTANCE 

ICOISTUBE CONTENT AT 50 PER CENT RELATIVE 
BUMXDlTy (oven-dry BASIS) 


Fresh 

Heated 

Precipitate 1. 

per cent 

18.8 

per cent 

15.7 

Precipitate 2... . . 

19.3 

18.0 

Precipitate 3. 

22.7 

13.8 

Precipitate 4. 

21.8 

5.3 

Precipitate 6. 

23.5 

18.1 

Precipitate 6. 

22.0 

17.7 

Precipitate 7. . 

15.5 

17.2 

Precipitate 8. 

17.0 

16.2 

Precipitate 9. 

23.7 

17.0 

Silica. 

17.7 

15.8 

Alumina. 

2.8 

4.1 

Montmorillonite. 

1.1 

0.9 

Halloysite. 

2.9 

2.4 

Kaolin. 

0.9 

0.7 

Quartz. 

0.3 

0.04 

Bauxite. 

0.4 

0.1 


moisture contents at 60 per cent relative humidity may be explained as being 
due to the changes in structure. It is interesting to note that with precipitate 7 
and alumina gel, the moisture content at 50 per cent relative humidity increases 
after heating. 


Buffer curves 

Figure 1 shows the buffer curves of fresh and heated alumina and silica gels. 
It will be seen that the buffer curves of silicic acid gels rise fairly steeply up to 
pH 7.1 and then rise less steeply. Silica is negatively charged and it is found 
that as the pH increases, the base-combining capacity increases also. With 
alumina gel, however, it is observed that the base-combining capacity at pH 2.9 
is less than the base-combining capacity at pH 1.3, for both the fresh and the 
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Fig. 1. Buffer curves of fresh and heated alumina and silica gels 
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heated precipitates. Similar observations have been made by Raychaudhuri 
and Basuraychaiidhuri (12) with the mineral limonite. These observations 
are probably due to complex, sparingly soluble compounds being formed, whose 
solubility varies differently with variations in pH values. The buffer curves 
with fresh and heated precipitates were also drawn, but no striking differences 
in the buffer curves of th(‘ fresh and heated precipitates have been observed. 
Figure 2 shows the buffer curves of precipitate 7, fresh and heated. It will be 
observed that there is not much difference in the buffer curves of the fresh and 
heated precipitates. The buffer curves of the minerals kaolin, montmorillonite, 
bauxite, and halloysite have already been determined })y Raychaudhuri and 
Basuraychaudhuri (12, p. 140). 


CONCLUSIONS 

To summarize, it may be said that the heating of precipitated aluminosilicates 
changes their structure in such a manner that their base-exchange capacities 
increase and their general properties tend to approach the properties of natural 
minerals. Sc) far as the mode of precipitation is concerned, mixing the colloidal 
solutions of aluminum hydroxide and silicic acid drop wise seems to favor the 
fomiation of mineral structure. 


SUMMARY 

Nine kinds of aluminosilicate gels were prepared by mixing different propor¬ 
tions of silicic acid and aluminum hydroxide sols (SiO-i.’AlsOa ratios = 2:1, 3:1, 
and 4: 1), in three different ways: inz,y (/) by slowly adding aluminum hydroxide 
sol to an excess of silicic^ acid sol; (^) by slowly adding aluminum hydroxide sol 
to an excess of sili(*ic acid sol; and (3) by mixing the two sols dropwise. The 
following properties of these precipitates have been determined: (a) chemical 
compt)sitit)n (SiOi.'AbOa ratios), (b) electroosmotic charge, (c) base-combining 
capacities, (d) moisture contents at 50 per cent relative humidity, and (c) laiffer 
curves. These (\\i)eriments were carried out also with electrodialyzed alumina 
and silica gels and with the minerals montmorillonite, halloysite, kaolin, quartz, 
and bauxite. All these substances were subsequently heated in a steam auto¬ 
clave for 12 hr. at 1 atmosphere pressure, anti the physi(*ochemical and electrical 
properties of the heat/ed substances were also tleteiinined. It was found that 
on heating the precipitated aluminosilicates tend to acquire thti properties of 
naturally t)ccurring aluminosilicates. It appears that mixing the colloidal solu¬ 
tions dropwdse fa^'ors the formation of mineral structures. 
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THERMAL TRANSITIONS OF THE ALKALI PALMITATES 
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This paper presents the results of a study of the transitions of lithium, po¬ 
tassium, rubidium, and cesium palmitates at atmospheric pressure from room 
temperature (ca. 26°C.) to their melting points (to isotropic liquid). Results 
for sodium palmitate (1, 6) are included for comparison. From the appearance 
of the various forms and the magnitude of the heats of transition, an effort has 
been made to correlate the various transitions of the several palmitates with one 
another on the basis that the complete set corresponds to the same change of 
structure from crystal to liquid occurring in discrete steps as the temperature 
is raised. This research, varying the nature of the polar group as systematically 
as possible, parallels the study previously (5) made of the relations between 
transitions of sodium salts of normal fatty acids of varying chain length from 
Ce (sodium caproate) to C 26 (sodium cerotate). 

MATERIALS 

All of the soaps were prepared by neutralizing a solution of Eastman Kodak 
best-quality palmitic acid in 95 per cent ethyl alcohol with an alcoholic solution 
of the corresponding alkali hydroxide and drying the product to constant weight 
at 106°C. The palmitic acid had an equivalent weight of 257.0 (theory 256.3), 
and an iodine value of zero within experimental error. 

PROCEDURE 

Dilatometric measurements were made by observing the rise in level of mer¬ 
cury which had been flowed in to fill the residual space over a 0.6-g. sample of 
the soap being studied, which was contained in a small bulb sealed to a fine 
capillary. Operating details of the method have already been described (6). 

Microscopic observations were made using the hot-wire technique (5), in 
which a thin film of material is subjected to a temperature gradient, boundaries 
between phases marking transition temperatures (which can be determined 
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from the magnitude of the gradient and the distance from the wire to the bound¬ 
ary, measured by means of the vernier scale attached to the mechanical stage of 
the microscope). Observations also were made of the behavior of samples 
sealed in glass capillary tubes and heated continuously in a small furnace mounted 
on the stage of a Spencer polarizing microscope (5). Temperatures were meas¬ 
ured by means of a thermocouple. Finally, for all except sodium palmitate, 
single crystals were grown from 95 per cent ethyl alcohol and examined under 
the microscope as they were heated slowly. Magnifications of 40 to lOOX were 
employed in the microscopic work. ^ 

(.Calorimetric observations were made in a differential calorimeter in which 
the sample and an inert material, each contained in a pear-shaped cell, are 
warmed together in the same environment. Transition temperatures in the 
sample are marked by large peaks in the time-differential temperature curve, 
from whose breadth and area a rough estimate can be made of the heat effect 
at ^hc transitions. This procedure luis also l)een described previously (4). 
Differential temperature-time curves were also obtained on cooling in order to 
observe whether or not undercooling occurred, and to what extent transition 
temperatures so found agreed with those found on heating. 

EXCKUIMENTAL RESULTS 

Dilatometer curves for lithium, potassium, rubidium, and cesium palmitatcs 
arc shown in figure 1. Curve A, for lithium palmitate, shoAvs three transitions, 
at 93®, 189®, and 211®(\ Curve B, for potassium palmitate, shows thn o transi¬ 
tions, at 67®, 174®, and 254®(\, together with a small inflection at 130®C. This 
curve was not carried up to the melting t^^mperature, which is above the boiling 
point of the dilatometer fluid used (mercurj’). (^alorimetric evidence shows an 
additional transition at 152°C., Avhich has apparently too small a v(jlumc change 
to be detected dilatometrically. Curves C and D, for rubidium and cesium 
palmitates, were carried only to 150®C. and show two transitions each, at 69® 
and 115°C. for rubidium palmitate and 61® and 95®C. for cesium palmitate. 

Calorimeter curves (differential temperature versus time) are shown for the 
four soaps in figure 2. The three transitions of lithium palmitate (curve A) are 
conspicuous. The transition temperature is in each (^ase the temperature of the 
system at the time when the temperature difference first begins to rise. Mean 
values for several nins arc 103®, 190®, and 223®C. These values are more reli¬ 
able than the dilatometric values, since the preparations used in the dilatometric 
studies were subse(iucntly found to be contaminated witl) the corresponding 
alkali chlorides in considerable amount. Undercooling o(JCurs at the top two 
transitions, initial solidification occurring on codling at 199®(\ and the next 
transition occurring at 164®C. 

Curve B, for potassium palmitate, shows transitions at 57®, 131®, 152®, and 
175®C. The transition from neat soap to tlu' next lower form occurs on heating 
at about 246®C., with a very gradual rise in temperature difference between 
sample and reference cell. On cooling it begins sharply at 261 ®C., in close agree- 
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meat with microscopic observations. Undercooling occurs at all the lower 
transitions. 

Curve C, for rubidium palmitate, shows sharp peaks at 66®, 125®, and 256®C. 
There is also a somewhat rounded peak starting at 181®C. Microscopic ob- 



Fig. 1. Dialometric behavior of the alkali palmitates. Breaks in the curves show transi¬ 
tion at the corresponding temperature. Curve A, lithium palmitate; curve B, potassium 
palmitate; curve C, rubidium palmitate; curve D, cesium palmitate. 

servation seemed to show a transition at 215®C., but not at 181 ®C., and there 
is no separate peak in the calorimeter curve at 215®C. The Tooling curve for 
rubidium palmitate showed transitions at 262®C. (corresponding to 256®C. on 
heating), at 192®C. (intermediate between the microscopically observed 215®C. 
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and the heating-curve rounded hump beginning at 181°C.), and at 117°C and 
63°C. (corresponding to the values of 125“ and 66“C. obtained on heating). 



TIME 


Fig. 2. Calorimetric behavior of the alkali palmitates. Peaks in the curves show transi¬ 
tions at the temperatures indicated, which are the temperatures at the times where the 
differential temperature begins to increase. Curve A, lithium palmitatc; curve B, potas¬ 
sium palmitate; curve C, rubidium palmitate; curve D, cesium palmitate. 

Curve D, for cesium palmitate, showed peaks only at 04° and 98°C. Higher 
transitions have heat effects too small to be detected with the present apparatus. 
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Table 1 records values of transition temperatures obtained by microscopic 
observation of samples sealed in flat glass capillaries heated in a small furnace 
on the stage of the microscope. The results for lithium palmitate are in fair 
agreement with the calorimetric data. In the case of potassium palmitate the 
transition at 131 °C. was not seen. The transition at 265®C. is sharp and 
conspicuous. The transition was found calorimetrically also (though not shown 
on curve B of figure 2). Heat absorption begins to occur at about 246®C.; the 
calorimetric behavior is similar to that found for the analogous transition of 
sodium palmitate, where the dilatometric and microscopic values are con¬ 
sistently 20-30°C. higher than the calorimetric value. There is no doubt of the 
reality of this observation. Possible interpretations are discussed later in this 
paper. For rubidium palmitate, agreement between microscopic and calor¬ 
imetric results is good except for the behavior between 181°C\ and 215°C., 
which is also discussed later. For cesium palmitate a slight but reproducible 
change in appearance is recorded at 270°C., which may or may not be a real 
transition. The transition at 225%\ is sharp and conspicuous but apparently 
has too small a heat effect to be observed calorimetrically. 

TABLE 1 


Trarmiion temperatures for the alkali palmilates observed microscopically 


SOAP 

OBS.E11VED TRANSITION TEMPER^TI RES 

i 

Lithium palmitate. 

X 

102, 196, 223 

Potassium palmitate. . 

59, 152, 173, 265. 375 

Rubidium palmitate. 

66, 122, 256, 380 

Cesium palmitate. 

57 , 94 , 225 (270), 369 


The hot-Avire microscopic technique was used to confirm the order of the 
melting points of potassium, rubidium, and cesium palmitates as gi\ en in table 1 
(RbP > KP > CsP) and to provide further information in the two cases cited 
above, where calorimetric and microscopic observations seem at A ariance. For 
potassium palmitate a visible transition occurs at 260°C., in good agreement 
with the microscopic value of 265°C/., despite the fact that consideral)le heat 
absorption begins as much as 20X\ loAver. For nibidiuni palmitate a transition 
is found at 216°C., much higher than the microscopic value of and the 

calorimetric value of 181®C. Probably there are two separate transitions here, 
as is discussed later in the paper. 

Values of the heats of the various transitions Avere calculated from the area 
and breadth of the peaks in the curves of differential temperature versus time, 
using the formula previously developed (4). These values are correct in order 
of magnitude only, being reproducible Avithin 20 per cent. Relative values for 
the different transitions in the same sample are more reliable than the absolute 
values. The data are given in table 2. In this table the temperatures given 
are AA^ighted mean values. The differences betAveen these values and individual 
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values obtained by different experimental techniques, as cited in table 1 and 
throughout the description of experimental results, are not large except where 
real significant differences, discussed separately, appear to be inherent in the 
properties of the materials studied. 

Crystals of the soaps were gro\sm from ethyl alcohol (95 per cent) and observed 
under the microscope primarily to compare the changes in appearance at each 
transition from one soap to the next and thus gain some insight as to the nature 
of the transition. Satisfactory crystals of sodium palmitate were not obtained. 

For lithium, potassium, nibidium, and cesium palmitates, the first transition 
observed on heating the crJ^stals above room temperature is a rapidly reversible 
transformation from one crystal form to another. The orientation of the optic 

TABLE 2 


Heats of transition for alkali palmitates, in calories per mole 


TRANSITION 

LITHIUM 

PALMITATE 

SODIUM 

PALMITATE 

POTASSIUM 

PALMITATE 

RUBIDIUM 

PALMITATE 

CESIUM 

PALMITATE 

rc. 

A// 

TX . 

An 

r“c. 

AU 

TT. 

AH 

r“c 

AH 

Inter-crystal. 

101 

3400 

65 

\ ^ 

60 

4900 

67 

7700 

62 

6500 


1 


117 

4800 

131 

1 900 





Waxy group . 

191 

3900 

134 

3900 

152 

1000 

126 

2700 

95 

3600 

j 



172 

a 

174 

1500 



i 


Subneat and neat 



208 

1900 



181 

b 



group 

None 

None 



259 

2500 

210 

a 

225 

a 




253 

1500 



257 

2290 



Melting point to iso¬ 











tropic liquid.i 

223 

5760 

297 

500 

375 

c 

380 

c 

375 

c 


a. No heat of transition was observed. 

b. In this case the experimental peak is so rounded as to make the calculated 
unreliable. 

c. Calorimeter difficult to operate at these temperatures. Sometimes very large peaks 
were obtained, which the authors believe to be artifacts. 

axis within the crystal changes; consequently, crystals oriented so as to be dark 
between crossed polaroids suddenly became light and vice versa. In the case of 
rubidium and cesium palmitates all semblance of crystallinity is lost at the second 
transition above room temperature. Individual crystals draw up to form 
elongated droplets. The first inter-crystal transition is not so apparent on 
cooling, since each single crystal has been broken up into a mass of randomly 
oriented submicroscopic crystallites. For potassium palmitate the loss of 
crystalline appearance is not observed until the transition at 174°C. is reached. 
For sodium stearate, and presumably therefore for sodium palmitate, the transi¬ 
tion above which sharp plane external crystal faces no longer exist is that forming 
superwaxy soap. No analogous transition is found for lithium palmitate. 
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DISCUSSION 

Correlation of the various transitions 

The first part of this discussion is concerned with speculations concerning the 
relations between the sets of transitions for each of the alkali palmitates. At 
the two extremes of temperature represented by the melting point to isotropic 
liquid and room temperature the moleculai’ arrangements are at least closely 
similar, though in the absence of crystal data, it cannot be said that the crystal 
forms at room temperature are identical. The set of intervening transitions 
taken together then corresponds to the same total change. 

In the case of hydrogen palmitate (palmitic acid) the entire transformation 
occurs at one temperature, where palmitic acid melts from tine crystal to tme 
liquid. For the alkali metal palmitates, the change from crystal to liquid occurs 
in steps, which are similar, though not identical, for the different substances. 
Figure 3 shows the temperatures of transition side by side for the five soaps. 
Related transitions are connected by lines which arc full or dotted according 
to the surety of the relation on the basis of a\'ailable evidence. Where a single 
transition for one soap is joined to more than one for another, the interpretation 
is that in the former case, at least two distinct structural changes occur at one 
temperature, while in the latter the same changes occur at two successive tem¬ 
peratures. 

For lithium palmitate there arc three discrete steps in melting, with a total 
heat effect not much different from the heat of fusion of palmitic acid. The 
first of these (at 101°C.) occurs without loss of micros(‘opic crystalline appear¬ 
ance. At the second (191°C.) a waxy form is produced. At the third (223‘^(\) 
complete melting occurs, with the absorption of cfmsiderable heat. Some 
measure of three-dimensional crystalline reigularity of moleciilai* arrangement 
probably exists in the waxy form, since the liquid fomi undercools ea.sily. X-ray 
data of Bolduan, McBain, and Ross (1) for the waxy form of sodium palmitate 
support this hypothesis. 

For potassium palmitate there are six discrete .steps in transformation from the 
crystalline form at room temperature to the isotropic liquid at 375°C. The 
first of these (at 60°C.) is identical in microscopic appearance with the transition 
of lithium palmitate at 101°C. The next three (131°, 152°, and 174°C.) are 
closely related to one another and to three similar transitions for .^sodium palmi¬ 
tate (117°, 134°, and 172°C.\). The form of pota.ssium palmitate existing above 
174°C. corresponds to the superwaxy form of sodium palmitate, .since for the 
former single crystals cease to have sharp plane faces above this transition 
temperature, corresponding to the diffuseness in the a spacings ob.ser^"ed by 
Bolduan, McBain, and Ross (1) for the superwaxy form of the latter. The 
fifth transition for potassium palmitate (259°C.) results in the formation of a 
true liquid crystal of the “smectic"’ type, which finally melts to true liquid at 
375°C. 

Whether or not the transition reported for sodium palmitate at G5-70°C. 
(1, 2, 6) corresponds to that of potassium palmitate at 60°C. and that of lithium 
palmitate at 101 °C. has not been established. The next three transitions of 
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sodium palmitate (117°, 134°, and 172°C.) closely parallel the three corresponding 
changes in potassium palmitate, although total heat absorbed in the group 
greater (3400 for potassium palmitate; 7300 for sodium palmitate) and it 
distributed differently. Sodium palmitate forms a smectic liquid crystal at 



IONIC RADIUS 

Fig. 3. C/orrelations between transitions of the alkali palmitates. Full lines indicate 
that the same structural changes occur at transitions so connected. Dotted lines indicate 
a similar, but less positively established, relation. The joining of a single point for one 
soap to two or more for another indicates that the same transitions occur at one temperature 
for the former as occur in discrete steps for the latter. The two solid points are transitions 
whose actual existence is in doubt. 

253°Cy., similar to potassium palmitate at 259®C., but in reaching that structure 
from superwaxy soap an additional discrete step occurs,—^namely, the formation 
of subneat soap at 208°C. 

Consideration of the above facts leads to the hypothesis that the melting 
points of these three soaps should be connected by a line, since above those 


as- as* 
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temperatures all are isotropic liquid. Next, the transitions to neat soap at 
257°C. for potassium palmitate and 253®C. for sodium palmitate should be con¬ 
nected by a line, which line should be further extended to the melting point of 
lithium palmitate, showing that neat soap has no finite temperature range of 
existence for this soap. The three transitions of the waxy group for sodium 
and potassium palmitatcs are connected by dotted lines, since, although the 
forms are similar, the different relative heat effects militate against any pre¬ 
sumption of perfect correspondence. The lowest transition of the waxy group 
for both is connected to the transition of lithium palmitate at 196°C., while the 
upper two are connected with the melting point of the latter, since the high 
heat effect associated with this point indicates that the form between 196° and 
223°C. is of the waxy group rather than being a liquid crystal of the subnoat 
type. Since no transition of the character of the superwaxy-subneat type of 
sodium palmitate (208°C.) exists for potassium palmitate, this transition is 
presumed to occur simultaneously with neat soap formation. Finally, the 
transitions of lithium palmitate at 101°C. and potassium palmitate at 67°C. 
appear to be very similar, but that for sodium palmitate has so much smaller 
a heat effect that a portion of the structural change must not oc^cur until the 
first of the waxy transition temperatures is reached (117°(\). These relations 
are all indicated by the appropriate connecting lines in figure 3. 

Rubidium palmitate has an intercrystalline change at G7°C\, paralleling that 
of potassium palmitate at 60°(\ The subwaxy and waxy forms, however, 
have no separate stable existence over finite temperature intervals. Insteatl, 
superwaxy soap is formed in one step (126°C.), as is indicated b}’^ the large heat 
effect and by the physical resemblance between the transitions of potassium 
palmitate heated from room temperature to 174°(^ and rubidium palmitate 
heated to 12()°(^, as observed inicr(>scopi(%ally on heating single crystals of the 
soaps. 

Neat soap of rubidium palmitate forms at 257°C^. There are two intervening 
transitions, as opposed to one for sodium palmitate and none for potassium 
palmitate. However, as pointed out earlier, the singhi t.ransition for supt^rwaxy 
soap to neat soap for potassium palmitate has peculiar properties. Although the 
microscopically visible change occurs at 259°(\ or slightly high(*r, heat begins 
to be absorbed as much as lower and the transition is thermally complete ^ 
beloAV 259°(^, thus distinguishing the phenomenon from an oxaggei’ated pre¬ 
melting effect. The same phenomenon was found for sodium palmitate (4) 
at the transition from subneat soap to neat soaj). Preliminary measurements of 
electrical resistance (3) indicate that substantial conduction also begins where 
the heat absorption begins. It appears that the actual stnictural alterations 
occur over a finite range of temperature, with sharp (iianges in physical properties 
occurring at different temiieratures in the interval. For rubidium palmitate^ 
heat is absorbed at 181°C. and at 246°(1 (on heating; at 262°(^ on cooling). 
Microscopic changes occur reversibly at 192° and 257°C. 

On the basis of these facts, the melting point of nibidium palmitate is con¬ 
nected by a full line with that of potassium palmitate, and the transition to 
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neat soap (269°C.) is likewise connected to that of potassium palmitate. The 
two transitions at 181° and 215°C. seem to correspond to changes that occur with 
potassium palmitate at the single transition from superwaxy to neat, and are so 
correlated by the appropriate dotted lines of figure 3. Similarly, the three 
transformations of the waxy group for potassium palmitate occur at a single 
temperature (126°C.) for rubidium palmitate, as indicated. The transitions 
at 59° and 67°C. for the two soaps seem very similar. 

For cesium palmitate the transition at 62°C. parallels that of rubidium pal¬ 
mitate at 67°C. The next transition, at 95°C., parallels that of rubidium palmi¬ 
tate at 126°C. but has a larger heat effect. Further, the formation of neat soap 
at 225°C. is free from the anomalies described above. Therefore it can be sup¬ 
posed that a portion of the changes associated with the transformation from the 
superwaxy structure to the neat structure occur for cesium palmitate simul¬ 
taneously with other changes at 95°C. 

The nature of the various transitions 

Figure 3 shows that the melting point to isotropic liquid rises as the series is 
ascended from lithium palmitate to rubidium palmitate and drops only very 
slightly from rubidium palmitate to cesium palmitate. The temperature of 
formation of neat soap remains nearly constant throughout (250--260°C.), but 
is lower for lithium palmitate, where it occurs simultaneously with melting at 
223°C., and for c.esium i)almitate Avherc there are two changes, one at 225°C. 
and one at 270°C^ The temperatures corresponding to the other transformations 
drop off as the seri(‘s is ascend(‘d. 

''Fhe essential constancy of the temperature of formation of neat soap on heat¬ 
ing was observed also for variations in length of the hydrocarbon chain (4). 
Ihis means that the characteristic structural change leading to its formation 
involves forces dependent neither on the length of the hydrocarbon chain, nor 
on the nature of the polar group (provided variation in these factors is not 
enough to change tlie whole nature of the set of transitions). It would seem 
of necessit}" to be concerned with interaction between chains. 

The crystal transformation at 101°('. for lithium palmitate and at 60-70°C. 
for the other soaj)s is amenable to treatment by the standard procedures of x-ray 
crystallography. Speculations concerning it are therefore reserved until the 
x-ray study is comi)lete. 

It is notc'worthy t hat the temperature of formation of superwaxy soap, which 
is accompanied by loss oi crystalline character, diminishes as the series of pal- 
mitates is ascended from lithium to cesium. The same effect was found for 
increasing chain length. The melting temperature, however, increases, indi¬ 
cating that tlH‘ st rength of the network of carboxylate groups has been increased 
by increasing the size of the metal ion. This same increase in size has weakened 
t he forces bet ween chains, perhaps simpl}'^ by inducing a somewhat greater aver¬ 
age separation between them, although x-ray data are required to confirm this 
speculation. 

Available data (5) for potassium and sodium stearates are compared with 



42 


BOBEBT B. TOLD AND MABJOBIE J. VOLD 


those for the pahnitates in table 3. Calorimetric data for potassium stearate 
are not available. The melting point of potassium stearate is high (346®C.) 
but lower than that for potassium palmitate, similar to the relation between the 
sodium salts. The transition at 265°C. has been shown to be the formation of 
neat soap, and like all cases of neat soap formation so far observed, occurs in the 
neighborhood of 260®C, Very likely the transition at 162®C. is tlie formation 
of superwaxy soap, comprising the same change as occurs in the sodium salts 
and potassium palmitate at three separate transitions. The transition in po¬ 
tassium stearate at 51®C. is doubtless similar to that of potassium palmitate at 
60®C. There appear to be two transformations between 162® and 265®C., 
paralleling the behavior of rubidium palmitate rather than of sodium stearate. 

TABLE 3 


Comparison of transition temperatures for sodium and potassium palmitates and stearates 


SODltTM PALMITATE 

SODIUM STEARATE 

POTASSIUM PALMITATE 

POTASSIUM STEARATE 

65 

90 

60 

51 

117 

117 

131 

162 

134 

132 

152 


172 

167 

174 

/235 

\249 

208 

205 



253 

257 

259 

265 

295 

288 

375 

345 


SUMMARY 

Transition temperatures are reported for the complete series of alkali palmi¬ 
tates between 25®C. and the melting points, together with their approximate 
heat effects. The sets of transitions are closely related, though not exactly 
parallel for the five substances. For all, one of the transitions can be identified 
as that at which microscopic external crystal form gives way to a measure of 
fluidity. For lithium palmitate this temperature is the melting point to iso¬ 
tropic liquid, 223®C\; for the remainder of the secpience, loss of microscopic 
crystallinity occurs at progressively lower temperatures and occurs before com¬ 
plete melting. The temperature of formation of neat soap, for all soaps having 
this form, is very nearly independent both of the nature of the cation and of the 
length of the fatty radical, and is therefore believed to involve a special spatial 
equilibrium of attractive and repulsive forces between the chains. 
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NEW BOOKS 

CeUvloae and Cellulose Derivatives. Edited by Emil Ott. 6 X 9i in.; xix + 1176 pp. 

New York: Interscience Publishers, Inc., 1943. Volume V of High Polymer Series. 

At last, the book for which workers in the field of cellulose have been waiting has ap¬ 
peared. The need for a comprehensive, up-to-date treatise connecting the complex chemi¬ 
cal and physical background of this highly important commercial raw material with its 
industrial treatment and use has been urgent. But no individual was qualified to discuss 
adequately and correctly the intricate details of the complex chemistry and physics of 
cellulose and at the same time to know the complicated industrial processes involved in 
the numerous commercial uses for which it is the fundamental raw material. 

The task has been accomplished by a group of thirty-five experts under the able editor¬ 
ship of Dr. Emil Ott, Director of Research of the Hercules Powder Company. The well- 
known disadvantages usually apparent in collaborative works of this character have been 
largely circumvented by the able editing of Dr. Ott, and he is to be congratulated on having 
produced a smoothly flowing treatise with a minimum of useless repetition. Especially 
outstanding among the contributors is the work of Purves on chemical constitution, of 
Harris and his coworkers on degradation, of Mark, editor of the first three volumes of this 
series, on physical structure, and of Spurlin on the physical chemistry of cellulose. 

The subject is presented in ten well-chosen chapters, five of which deal with the scientific 
knowledge and aspects of cellulose and the substances normally associated with it in nature 
and five with the occurrence, preparation, and industrial utilization of this increasingly 
mportant raw material. Dr, Purves has done an admirable job of presenting the modern 
picture of the cellulose molecule and of critically evaluating the enormous mass of chemical 
literature on which it is based. The only criticism that might be made, in the reviewer^s 
opinion, is some lack of stress on the importance of the work of Hudson and his collaborators 
in developing the use of periodate oxidation as the final clear and convincing proof of the 
structure which the more laborious methods previously employed had evolved. The yet 
unsolved question of degree of polymerization of the building unit is excellently treated. 

The important subject of the physical properties of this material, carrying almost equal 
weight to its chemical constitution in explanation of its treatment for industrial purposes, 
has been most excellently treated by a group of experts, most notably by H. M. Spurlin. 
Another notably important contribution is made by a different group of workers in the 
chapter on ‘"Structure and Proi)erties of Cellulose Fibers'\ The substances associated with 
cellulose have been given brief but adequate treatment. The reviewer appreciates the 
reasons which led to confining the selection of authors to the United States, but it does 
seem unfortunate to him that the book contains nothing from the pen of the greatest author¬ 
ity living on tliis continent who has contributed so much to the scientific aspects of the 
chemistry of cellulose and its related materials,—namely. Professor Harold Ilibbert. 

The occurrence and preparation of cellulose have received excellent and thorough treat¬ 
ment in two good chapters. Hatch gives an exhaustive treatment of bleaching and purifica¬ 
tion, which is a most important subject to workers in the technical field. To the academic 
ignorance of the reviewer, it seems that the comprehensive field of technical applications 
has been excellently, if of necessity somew'hat briefly, treated by Dr. Gloor. 

A very pleasing feature of the book is the liberal use of footnotes, so that the reader can 
trace almost any point back to the original sources. Another point of satisfaction is that 
the indices seem to be good. The format and technical details of the make-up are of high 
quality and the book seems to be on paper of better than average quality for these times 
of war restrictions. Here is a book w^hich is a must for every scientific worker in the field 
of cellulose chemistry and technology and for every complete library whether in the com¬ 
mercial or the educational field. 


Ralph E. Montonna. 
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Ten Lectures on Theoretical Rheology, By Markus Reiner. 163 pp. Jerusalem: Rubin 
Mass. New York; Nordemann Publishing Company, Inc., 1943. Price: $4.50. 

This book takes up the problem of the flow^ of matter from the classical continuum point 
of view as distinguished from the more recent atomic-molecular approach. This latter 
approach is dismissed as “metarheology”. The book begins with the classical treatment 
of strain and stress. Various idealized behaviors are defined in terms of the tensor equa¬ 
tions and are called after the men who first worked with them conspicuously. Examples 
are the “Euclid” and “Hooke” solids and the “Newtonian” and “Pascalian“ liquids. 

Chapter V deals with special problems—the. simple pull of a rod, the bending of a beam, 
and various kinds of viscosimeters. This is followed by a chapter on creep and damping 
and then by one discussing the effects of structure such as arise w’hen large particles are 
present in a viscous continuum. 

Chapter VIII considers ^)lastic flow and the dissipation of strain-energy. The next 
chapter considers the Mohr-Circle and Dimensional Analysis, while the final chapter seeks 
to lay the more general framework required for treating actual bodies as distinguished from 
the idealized behaviors called after the names of various investigators. 

The book provides a sound introduction to the continuum theory of flow couched in no 
more mathematical language than the subject requires. A larger treatise is promised later 
which will probably allow space to consider flow also in its molecular and atomic aspects. 
The book will be a useful addition to the libraries of students of rheology. 

Henry Eyring. 

Data 071 Chemicals for Ceramic Use. Compiled by Alexander Silverman, Chairmayi, 
George W. Morey, and Frederick D. Rossini, with the aid of Kuan-Han Sun, Librar¬ 
ian for the Committee. Bulletin National Research Council Nt). 107, June, 1043. Pub¬ 
lished by the National Research Council, National Academy of Sciences, Washington, 
D. C. 

The title of this bulletin is misleading, in that the information contained in it is much 
more extensive than would be inferred from the title. The sub-title reads, “Formulas, 
molecular weights, colors, crystal forms, densities, refractive indices, melting points, boil¬ 
ing points, transition points, decomposition temperatures.” Those data are assembled for 
a large number of inorganic compounds, and the compilation is believed to be the most 
complete that has been made. It should Iw' useful not only to coramist.s but also to chem¬ 
ists, physicists, and geologists. 

George W. Morey. 

Chemistry and Technology of Food and Food Products. M. IL .Ia(X)BS, Editor. 052 pp. 
New York: Interscicnce Publishers, Inc., 1944. Price: $10 50. 

The scope of this volume extends beyond that suggested by the title, to the extent that it 
inc.ludes chapters on the general properties and classification of enzymes, hormones, and 
digestive processes. In addition to disclosing the quantity of various carbohydrates, 
lipids, and proteins in certain foods, there are chapters dealing with the detailed structure 
and chemical constitution of these food constituents. 

Under the editorship of M. B. Jacobs, the chapters have each been written by a specialist 
or specialists. A chapter on the physical chemistry of foods by J. L. St. John is unique and 
singularly useful, since it defines the terms used to describe the common physical properties 
and outlines the methods and devices used in their measurement. This is followed by a 
chapter on the carbohydrates by E. F. Degering. A chapter on the lipids and another on 
amino acids and proteins were written by M. M. Baizer and Hugo Zahnd. Enzymes are 
discussed by Kurt G. Stern; vitamins, vitagens, and hormones by H. U. Rosenberg; and 
mineral matters and other inorganic food adjuncts by R. II. Carr. The chapter on coloring 
matters in foods, as presented by C. F. Jablonski, deals particularly with the art of coloring 
with coal-tar dyes and natural organic coloring matters rather than with the pigments found 
in natural, uncolored foods, A. E. Wilhelmi, in a chapter on the digestion and fate of 
foodstuffs, presents a very concise treatment of the digestive and assimilative processes. 
Food spoilage and food poisoning are surveyed briefly by H. O. Halvorson. 
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Part II of the book really deals with the chemistry of individual foods. The materials 
covered and the several authors include: Milk, Cream and Dairy Products by M. B. Jacobs; 
Meat and Meat Products by W. M. Urbain; Fish, Shellfish and Crustacea by M. E. Stansby; 
Poultry and Eggs by M. E. Pennington; Edible Oils and Fats by A. E. Bailey; Cereal Grains 
by W. F. Goddes; Baking and Bakery Products by W. H. Cathcart; Vegetables, Mushrooms, 
Nuts, and Fruits by F. A. Lee; Carbohydrates and Sugar Foods by E. F. Degering; Con¬ 
fectionery and Cacao Products by M. Schoen; Coffee and Tea by W. H. Ukers; and Flavors, 
Spices, and Condiments by Lee Worrell. A total of forty-nine pages is occupied by a con¬ 
venient and detailed subject index. 

There is a vast amount of useful information in these sections. In general, there appears 
to be more data and text discussion of the composition of the several foods than of the 
principles involved in or control of the processing treatments. The book would scarcely 
serve as a manual of the operations in which the food technologists might engage. The 
table of contents of Volume II suggests that it will be devoted quite largely to processes. 

C. H. Bailey. 

Soil and Plant Analysis. By C. S. Piper. 368 pp. New York; Interscience Publishers, 

Inc., 1944. Price: $4.50. 

This book comprises a description of methods for the analysis of soils at Waite Agri¬ 
cultural Institute (Australia). It includes detailed directions for the collection of samples 
and their preparation in the laboratory. The treatise is well organized and clearly and 
concisely written. The methods described are standard in the main and are as applicable 
in the United States as in Australia and New Zealand. The inclusion of procedures of 
calculations strengthens the book for student use. Weaknesses of methods are fully dis¬ 
cussed. 

As would be expected, there is a tendency to place emphasis on methods in use in the 
British Commonwealth, although many methods commonly in use in this country arc in¬ 
cluded. This is a desirable feature, since it will give the American student a broad knowl¬ 
edge of applicable procedures This book constitutes a ready reference which soil scientists 
and chemists will be glad to have close at hand. 

C. O. Rost. 

Contributions to Chemical Education. Number 3. More Acids and Bases. A Collection of 

Papers by D. Davidson, W. F. Luder (with W. S. McGuire and S. Zuffanti), L. F. 

Audreitii, and T. Moeller, and by R. Giwell. 79 pp. Easton, Pennsylvania: The 

.Inurnal of Chemical Education, 1943. IVice: $1.00. 

In the foreword, Dr N. W Ttake.straw, Editor^ .states: ‘^Since the publication of ‘Acids 
and Bases’ in ItMl (revi(»ved in ,I Phys. (’hem. 46, 1008 (1942)) several more articles on this 
same subject have a|)peare<l in the Journal of Chemical Education. The interest which 
many teachers and students of chemistry have shown in the earlier volume has led us to 
reprint the.se articles, with a few minor changes.” 

This addition to Volume* I of the “Series” will be welcomed by many teachers, students, 
and other chemists interested in the subject. The appearance and print arc attractive. 

The seven paiiers reprinted in t he volume all contain some original views and suggestions. 

The review'd* anticipates that the emphasi.s on the relationship between an acid (electro¬ 
philic) and an oxidizing agent on the one hand and a base (electrodotic) and a reducing 
agent on the other hand (W. F. fmder, p. 39) may become the source of much confusion. For 
example, hydroqulnone is an acid, but a reducing agent, w'hercas quinonc is a base, but an 
oxidizing agent. As a base, then, quinonc is electrodotic in the terminology of Luder, but 
as an oxidizing agent it is electrophilic. 

In a recent article (J. Phys. (-hem. 48, 51 (1914)) the reviewer pointed out that the Lewis 
and Bronsted concepts are not contradictory and that both should be adopted (and taught). 
Fortunately, most of the authors of More Acids and Ba^es recognize both the Lewds and the 
Bronsted concepts. There is no justification in selecting one theory in preference to the 
other; there is a useful jdace for both. It would bo desirable that a committee of the 
American Chemical Society express itself on this matter in an authoritative way. 

I. M. Kolthoff. 
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I. MEMBRANES IN CLASSICAL PHYSICAL CHEMISTRY 

Pfeffer’s (20) measurement Avith ‘'semipermeal)le’' membranes of the osmotic- 
pressure of sugar solutions has in the hands of van’t Hoff become a cornerstone 
of modern theory of dilute solutions. 

The second instance in the history of physical chemistry in which membranes 
have played an important r61e Avas in connc^ction Avith T^onnan^s AA ork on mem¬ 
brane eciuilibria (9). Donnan and his collaborators tested this theory, using for 
their experimental work mostly the same kind of membranes as those used by 
Pfeffer, the coj)per ferrocyanide membrane, AA'hich oj iginally had been deA^eloped 
by M. Traube (29). 

van^t Hoff’s brilliant correlation of the osmotic pressure Avith the other ther¬ 
modynamic properties of dilute solutions accounts for the fact that only a limited 
number of later investigators have made direct osmotic-pressure measurements 
AAuth solutes of loAv molecular weight. The much more coiiAcnient methods of 
freezing- and boiling-point determinations haA^e superseded the methods of 
osmotic-pressure measurement, except in the case of colloidal solutions. 

On Pfeffer’s and on lOonnan’s Avork are based the Avidel}^ used osmotic methods 
for the determination of the molecular AAeight of high-molecular-Aveight sub¬ 
stances and colloids. This method is today a physicochemical tool of great 
iinportance. 

In all these instances the membrances were Avhat is called coiiAentionally 
^‘semipermeable.”* Pfeffer’s membranes Avere impeimeable to the solute sugar 

1 Presented in abstract before the Division of Colloid Chemistrj^ at the 108th Meeting of 
the American Chemical Society, New York City, September 14, 1944. 

2 The term “semipermeable*’ is used today in a sense wider than the literal meaning of 
the word. It can be taken to be literally correct only if applied to instances such as those 
originally treated by Pfeffer: namely,where only two species of particles are present, solute 
and solvent, and the one or the other of these molecular species (usually the solvent) pene¬ 
trates the membrane freely, whereas the other molecular species cannot permeate through 
it. 1^0 avoid possible confusion it is advisable to qualify the term “semipermeable’^ b}" the 
addition: permeable to molecular species A, impermeable to molecular species B. Such a 
qualification would also indicate that semipermeability is not a universal property inherent 
in a membrane as such, but a quality which can be defined properly only with respect to a 
particular surrounding system. (See also the text below.) 

In systems containing more than two molecular species, the term “semipermeablc** loses 
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and permeable to water; Donnan membranes are impermeable to "(at least) 
one ionic constituent, ordinarily referred to as the colloid ion, and permeable to 
the solvent and two or more kinds of ions in solution. These membranes, if 
considered to be perfect, can act as reversible physicochemical machines and 
therefore are highly useful in theoretical considerations; they are experimental 
realizations of the ^‘semipermeable*’ walls and pistons which were so important 
in the early development of physical chemistry (19). 

Ideal reversible membranes, however, represent only a very limited part of the 
membranes useful in chemical work and occurring in nature. Membranes of a 
somewhat imperfect character are used widely in the laboratory as dialyzing 
membranes, as ultrafilters, etc., and are used for similar purposes in industrial 
operations; likewise membranes of varying degrees of permeability and semi¬ 
permeability occur universally in plant and animal organisms, constituting there 
one of the fundamental devices which regulate the exchange of material and thus 
the flux of life. 

From a wider point of view ‘‘semipermeability’^ is only a limiting case of the 
possible properties of membranes, and the equilibrium state which can be ob¬ 
served with membranes becomes a limiting case of the dynamics of membrane 
systems. 

It is therefore small wonder that literally thousands of papers deal with specific 
problems of the dynamics of membrane systems. Historically, interest has been 
focussed largely on the restrictive (barrier) action of membranes under various 
conditions, that is, on various aspects of simple membrane permeability and the 
underlying regularities. 

II. NATURE AND DEFINITIONS OF MEMBRANES; MEMBRANES AS 
PHYSICOCHEMICAL MACHINES 

Only rarely have investigators of membranes made an attempt to define the 
term ‘‘membrane'’. In most instances it is taken for granted that the reader 
possesses a sufficiently accurate concept of the meaning of this term, though the 
everyday usage of this word is anjrthing but concisely circumscribed, as can 
readily be seen from the scientifically pointless definitions given in dictionaries. 
It seems to be impossible to find a universally acceptable definition for the term 
“membrane". A definition of this term which is useful for the mechanical 
engineer would be rather useless for the physiologist, and the latter's definition 
can be only of limited value to the physical chemist. A formal definition of the 
term “membrane" which would be useful from the physicochemical point of view 
has not yet come to the attention of the author. 

its literal meaning. It might be advisable to substitute for it another term, such as '^selec- 
topermeable.” In any case, in systems containing three or more species of molecules it is 
imperative to state specifically which molecular species are able to penetrate the membrane 
and which molecular species are prevented from doing so. A membrane ideal for the dialy¬ 
sis or the molecular-weight determination of a particular protein in solution, for instance, 
can be defined as a **selectopermeable" membrane which is impermeable to the protein 
under consideration and permeable to the solvent as well as to all other molecular species 
present in the system. 
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One characteristic feature of membranes, if considered from the physicochemi¬ 
cal viewpoint, or as we may say of ‘‘physicochemical membranes'^ is the fact 
that they can be defined properly only in correlation to thek surroundings. 
For example, a sheet of platinum separating oxygen and nitrogen does not show 
any characteristic membrane features; it is merely an inert separating wall. 
However, if the same sheet of platinum separates hydrogen from nitrogen, it 
assumes a typical membrane function. It completely prohibits diffusion of 
nitrogen across itself, whereas it is freely permeable to hydrogen (particularly 
if heated) (21). The same material, according to its surroundings, may or may 
not assume membrane functions (compare also footnote 2). A meaningful defi¬ 
nition of physicochemical membranes therefore must necessarily stress the 
functional aspects of membranes. 

Though membranes are usually thin flat sheets, the ‘‘main extension in^ two 
dimensions" which is frequently emphasized is not a necessary and essential 
characteristic of membranes. It has nothing to do with the quality of the proc¬ 
esses which occur across membranes; it only enhances the quantitative efficiency 
by increasing the ai*ca which is available for the processes under consideration. 

One may attempt to define a physicochemical membrane in the following 
manner: “A physicochemical membrane is a structure or phase, separating two 
other phases or compartments, which obstructs or prevents completely gross 
mass movement between the latter, but permits passage wth various degi’ees of 
restriction of one or several species of particles from the one to the other or be¬ 
tween the two adjacent phases or compartments, the passage of material across 
the membrane in some ca.ses being due exclusively to molecular movement (dif¬ 
fusion) and in other cases to other forces, such as mechanical pressure, electric 
potential differences, etc." 

In view of the different but very common biological usage of the term “mem¬ 
brane", it u^worth while to keep in mind that the above definition includes tacitly 
the following addition: “A physicochemical membrane will not by expendi¬ 
ture of energy of its own bring about any transport of substances between the 
two phases or compartments separated by it." (Compare Krogh (14).) 

The foregoing definition of the term “membrane", however, does not take into 
account explicitly some of the most important aspects of the functional charac¬ 
teristics and the behavior of membranes which give them their main scientific 
importance and interest. 

Membranes, while regulating the movement of particles and the flow of energy, 
i.e., while bc^ing passively involved in various energetic processes occurring across 
their thickness, cause a great variety of effects such as movement of solute, the 
closely related development of (not necessarily static) hydrostatic pressures, and 
the partial or complete separation of solutes from the solvent. With electro¬ 
lytes, in addition, numerous electrical effects may be observed, such as static or 
dynamic (23) membrane potentials, anomalous osmosis, movement of third ions 
against concentration gradients, electroosmosis, etc. In all these cases the 
membranes act as physicochemical machines, transforming by various mechan¬ 
isms the free energy of the adjacent phases (or energy applied through them) 
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into other forms of energy (mechanieal, eoncentration, electrical, etc«)i sometimes 
in a reversible but ordinarily in an irreversible manner. Physicochemicad 
membranes are in this respect strictly analogous to mechanical machines: they 
regulate energetic processes, essentially without thereby being changed, ex¬ 
hausted, or consumed. 

Accordingly we may attempt now to define membranes in the following man¬ 
ner: membrane is a phase or structure interposed between two phases or cemparU 

ments which obstructs or cennpletely prevents gross mass movement between the latter^ 
but permits passage, with various degrees of restriction, of one or several species of 
particles from the one to the other or between the two adjacent phases or compartments, 
and which thereby acting as a physicochemical machine transforms with various 
degrees of efficiency according to its own nature and the nature and composition of the 
two adjacent phases or compartments the free energy of the adjacent phases or com- 
partments, or energy applied from the outside to the latter, into other forms of energy,^* 

As long as we consider only ideal ‘‘semipermeable” membranes and only re¬ 
versible processes across them, as was done by the classical physical chemists, 
the special mechanisms by which the membranes act is of no importance whatso¬ 
ever from the point of view of thermodynamic theory.® As soon, however, as we 
consider the dynamics either of ideal semipermeable or of (non-ideal) membranes 
of various degrees of restricted permeability, the questions of mechanisms and 
membrane structure become of paramount importance. 

One can hope to understand the dynamics of a membrane system only if the 
mechanism of the restricting action of the membrane under the given situation is 
known. The machine function of membranes can be revealed fully only by model 
studies. On account of their great importance one will have to pay particular 
attention to the simple and complex electrical machine actions of membranes. 
The construction of proper models constitutes, so to speak, a problem of mem¬ 
brane engineering which can be solved only by the use of membranes of carefully 
predetermined properties. 

HI. MEMBRANE MECHANISMS; COLLODION MEMBRANES AS EXAMPLES OF 
MEMBRANES OF POROUS CHARACTER 

Conventionally one recognizes two main classes of membranes,—^homogeneous 
phase (^'oil’O membranes and membranes of porous character. 

Homogeneous phase membranes exert their typical membrane functions by 
means of selective differential solubility; particles, molecules, or ions which are 
soluble in an oil phase can penetrate and pass across. 

Membranes of porous character act as sieves. This is quite obvious with 

* The attitude of many of the older classical physical chemists towards the problem of 
osmotic mechanisms can be characterized by van*t Hoff^s statement (Z. physik. Chem. 9, 
485 (1892): “Again we have the basically meaningless question: what exerts the osmotic 
pressure? Indeed, as emphasized before, I care in the long run only about its magnitude. 
As it has been shown to be equal to gas pressure one is inclined to think of a similar mecha¬ 
nism of its origin as with gases. Who, however, is led astray by this should rather cut out 
any thought of a mechanism.’* Compare, however, the different attitude of Nernst (refer¬ 
ence 19, page 138). 
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porous diaphragms and other microscopically porous structures, and has hardly 
ever been doubted for such membranes as parchment or collodion membranes of 
great water content. The molecular sieve character of the copper ferrocyanide 
membrane, already postulated by M. Traube (29), was verified by Collander (7), 
who also demonstrated the molecular sieve action of the “dried” collodion mem¬ 
brane (8), at least with solutions of non-electrolytes and weak electrolytes. The 
ion permeability of the latter membranes, according to Michaelis (17), must 
likewise be explained by sieve action. 

Objections, however, have been raised against the concept of the “molecular 
sieve”, the controversy centering around the “dried” collodion membrane. 
Some investigators prefer the view that the dried collodion membrane behaves 
more like a continuous phase, exerting its membrane function by means of a 
solubility mechanism (see, e.g., reference 3); some authors (30) attempt to rec¬ 
oncile the two antagonistic view’.s. Some new experiments and considerations 
which prove that the electrolyte permeability of dried collodion membranes must 
be explained on the basis of a microheterogeneous structure of these membranes 
will be described in a subsequent paper. 

Several years ago the author and his collaborators started work on membranes 
with the idea in mind of building physicochemical model systems involving mem¬ 
branes which would be helpful to the biologist in clarifying the structure and func¬ 
tions, in particular the electrical behavior, of microscopic and macroscopic mem¬ 
branes as they occur in living s3’’stems. 

From the outset it was necessary to make a decision as to which class of mem¬ 
branes, those of “oil” or those of porous character, should be made the starting 
point of this work. We decided to start with membranes of the latter type. 
Membranes of porous character are at present much more suitable and convenient 
for experimental work, and also can be prepared with a gi’eat variety of charac¬ 
teristics. In addition, some effects of great interest to the biologist, such as 
(electrical) anomalous osmosis, electroosmosis, and (ultra) filtration cannot be 
obtained with membranes of the homogeneous-phase type.^ 

Collodion has for a long time been recognized to be a particularly desirable 
material for the preparation of membranes of porous character on account of its 
ready availability and the case with which sturdy membranes of various degrees 
of porosity can be prepared. Collodion membranes, furthermore, can give rise 
to very pronounced electrical effects, such as membrane potentials and anomalous 
osmosis, and therefore seemed to be particularly desirable. They have the ad- 

^ The choice of membranes of porous character as the object of our work does not imply 
any decision as to whether membranes of homogeneous phase or of porous character are of 
greater importance in living systems. The question is probably not one which can be 
decided with a simple either-or. The available evidence indicates that in single cells as 
well as in macroscopic structures both types of membranes frequently are contained in some 
sort of complex mosaic. With individual cells, in most instances, the exchange of non¬ 
electrolytes is governed primarily by the solubility in the protoplasmic cell membrane, 
whereas electrolytes seem frequently to enter through some porous structure or its func¬ 
tional equivalent. The typical function of macroscopic biological membranes, such as the 
intestinal wall, the capillary blood vessels, and the filtering structures of the kidneys seems 
to be due primarily to a microheterogeneous porous structure. 
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ditional advantage that their use will allow linking further work closely to many 
of the best investigations on membranes, the majority of such investigations 
having made use of collodion membranes. 

Collodion membranes, moreover, can be readily impregnated with foreign 
substances, such as proteins, dyestuffs, and alkaloids, which profoundly change 
the electrical characteristics of these membranes, transforming them from electro¬ 
negative (preferentially cation-permeable) membranes into electropositive (pref¬ 
erentially anion-permeable) membranes. 

For these reasons collodion membranes were chosen as the material of our 
studies; on account of their desirable properties we have been able to use them 
throughout all our work. 

We do not suppose that collodion membranes are in themselves of particular 
scientific significance. Their real, wider scientific importance is based entirely 
on the fact that they can be used as convenient objects for the elucidation of the 
physicochemical nature and of the functional behavior of membranes of porous 
character in general. 

IV. SOME METHODS OF CHARACTERIZATION OF THE ELECTROCHEMICAL 
BEHAVIOR OF MEMBRANES OF VARIOUS DEGREES OF POROSITY 

The natural starting point of an extensive experimental investigation was the 
attempt to repeat outstanding work of earlier investigators, such as the classical 
experiments of Michaelis and collaborators (17), on membrane potentials (‘‘con¬ 
centration potentials'^ and the ionic selectivity of dried collodion membranes, 
and the studies on anomalous osmosis of Bartell (2), Loeb (15), and other investi¬ 
gators (10,22). 

Michaelis and collaborators (17) prepared flat and bag-shaped “dried" col¬ 
lodion membranes by allowing a layer of ether-alcoholic collodion solution to dry 
completely on a mercury surface or on the inside of a test tube. If such mem¬ 
branes are interposed between two solutions of different concentration of the same 
electrolyte, electromotive forces arise which are much higher than those observed 
on free diffusion. In certain cases these membrane potentials approach the value 
which theoretically could be obtained with reversible specific electrodes, the more 
dilute solution always being positive. The electromotive action of these mem¬ 
branes is due to the fact that they are nearly impermeable to anions but 
permeable to cations, the relative permeability of weakly adsorbable cations 
depending on their valency and ionic radius. Michaelis has characterized these 
membranes particularly by the measurement of the “characteristic concentration 
potential," the electromotive force which arises when 0.1 Mand0.01 ilf potassium 
chloride solutions are separated by a membrane. The values of the characteristic 
concentration potential with the best of his membranes vary between +48 and 
+53 mv,, wdth occasional values slightly higher, the maximum thermody¬ 
namically possible values being +55.1 mv. 

The term “anomalous osmosis" designates all those liquid movements across a 
membrane separating two solutions of different concentration which according to 
their rate or the pressures obtained w^ould not be predicted on the basis of the 
van't Hoff osmotic theory. With (non-swelling) membranes of porous character 
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such anomalies are found only if an electrolyte diffuses through a membrane 
which allows its passage with fair ease. Anomalous effects are never found with 
strictly semipermeable membranes. The phenomenon of anomalous osmosis is 
entirely of a dynamic nature. After a sufficiently long time the electrolyte con¬ 
centration on both sides of the membrane.s is the same, and hydrostatic heads 
which had developed intermediately have disappeared. The technique of Loeb 
(15) in his well-known experiments on anomalous osmosis, w'hich w^e have fol¬ 
lowed with minor modifications, is as follows (25): (Collodion bags are cast in 
30 X 110 mm. test tubes and allowed to dry several minutes, the suitable dtying 
time varying with different brands of collodion, even if the same solvent is used. 
Next the test tubes to which the membranes adhere are filled with water. The 
membranes loosen from the glass spontaneously and are tied to glass rings with 
thread w^hile still filled w ith water. Following this, they are wnshed thoroughly 
Avith distilled water and arc kept immersed in water continuously. For the os¬ 
motic experiments the membranes are fitted to mblx^r stoppers carrying long 
capillary glass tubes with an inner diameter of about 1.5 mm. Membranes are 
selected which w hen filled w ith 0.25 M sucrose solution and placed in 500 to 800 
cc. of w’ater for 20 min. yield without artificial stirring an osmotic rise of about 
120 to 140 mm. of liquid in the capillary manometer. For the anomalous osmosis 
experiments the membrane bags arc filled with solutions of varying con¬ 
centrations of sucrose and various electrolytes,—potassium chloride, potassium 
sulfate, and potassium citrate )>eing used as standard electrolytes. The rise of 
the meniscus in the manometer is read 20 min. after the bag is placed in w^ater. 

If the values read after 20 min. are plotted in a pressure-concentration 
diagram, sucrose and other non-electrolytes give flat, smooth curves lying A^'ery 
near to each other. With the electrolytes the cuiwes have a characteristic N 
shape (see below^ figure la). A pressure rise which dcAuates significantly from 
the results obtained with the non-electrolytes is considei-ed to be due to 
'^anomalous osmosis’'. In certain instances liquid ma^" move from the side of the 
solution to the side of the solvent. This effect is called ‘‘anomalous negative os¬ 
mosis " or ‘ ‘negative osmosis ’'. Anomalous osmosis, according to the experiments 
of Loeb, Bartell, and others, is an electroosmotic phenomenon. The dynamic 
membrane potential w hich arises across the membrane in some peculiar way 
moves the charged liquid filling certain of the pores electroosmotically across 
the membranes. The physical theory of this phenomenon Avas developed several 
years ago by the author (24; see also 13), who based his consideration on the hetero- 
porosity of the membranes. Loeb had found that the extent of anomalous 
osmosis is approximately proportional to the product of the electrokinetic (f) 
potential of the membrane times the membrane (c) potential. According to the 
theory (13,24, 28) this correlation is not quite so simple; nevertheless, anomalous 
osmosis under standardized conditions is an excellent method for the characteriza¬ 
tion of the electric beha\dor of collodion membranes of high porosity (28). 

V. THE EXPERIMENTAL PROBLEM 

When \A"e originally tried to reproduce the electromotive and anomalous 
osmotic effects described by Michaelis and Loeb, the results w^ere disappointing 
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(25). The ionic selectivity of the dried collodion membranes was poor, not at all 
comparable to that reported by Michaelis, the characteristic concentration 
potentials in many instances being only a small fraction of the thermodynamically 
possible value. Likewise, the anomalous osmotic effects described by Loeb 
could not be reproduced in an adequate manner (compare below, figures la and 
lb). 

This state of affairs indicated that some fundamental link in our understanding 
of the electrochemical nature of collodion membranes was missing, no diflBiculty 
having been found with respect to the reproduction of the behavior of such mem¬ 
branes towards solutions of non-electrolytes (26). We therefore were forced into 
an extensive physicochemical study of the nature and preparation of collodion 
membranes, with particular emphasis on their electrical properties and behavior. 

One can classify membranes of porous character into four groups. On the 
one hand one has to distinguish electronegative membranes and electropositive 
membranes; on the other hand one must classify them according to the degree of 
porosity into membranes of high porosity, ^'porous” membranes, and molecular 
(ion) sieve membranes. The former are readily permeable, at least to solutes of 
low and medium molecular weight; in many instances they are permeable also to 
colloids. Molecular (ion) sieve membranes restrict partially or completely the 
permeation of low-molecular-weight solutes according to the molecular weight of 
the latter. 

Negative ^^porous’’ (collodion) membranes with obviously satisfactory proper¬ 
ties have been described many times, although we had been unable to reproduce 
them. ‘‘Dried^* electronegative membranes with a fair or high degree of ionic 
selectivity have, as was said before, been described by Michaelis (12) and other 
investigators. For extensive work these latter membranes, hoAvever, show 
several shortcomings, foremost among them the fact that their degree of ionic 
selectivity from our point of view is only moderately satisfactory and moreover 
decreases quite appreciably on use, and that their absolute permeability is ex¬ 
tremely small. On account of the great density of these membranes all the proc¬ 
esses which occur across them are very slow, so slow indeed that days, in some 
instances weeks, must elapse before a quantity of material has crossed the mem¬ 
branes which can be measured by microanalytical methods. 

Electropositive membranes of great porosity haA-e been described repeatedly 
in the literature. The most satisfactory are the proteinized collodion mem¬ 
branes. The pore walls of highly porous collodion membranes are covered with 
suitable proteins by adsorption from solution. In the proper pH range—at the 
acid side of the isoelectric point of the protein used—such membranes are elec¬ 
tropositive. The shortcomings of these membranes are the pH sensitivity of 
their characteristics and the fact that they can be used only in limited pH ranges, 
so far only at the acid side of the neutral point. Membranes shoAving a pro¬ 
nounced electropositive character over wide pH ranges at the acid as AA^ell as the 
alkali side of the neutral point have not been described in the literature. 

Electropositive membranes of low porosity and high ionic selectivity analogous 
to the dried collodion membranes have been described repeatedly: for example, 
dried collodion membranes impregnated Avith dyestuffs and alkaloids. These 
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membranes have numerous shortcomings: Their ionic selectivity in most cases is 
not satisfactory even when they are freshly prepared and undergoes degradation 
fairly rapidly when the membranes are used. In addition, the absolute per¬ 
meability of these membranes is extremely low, similar to that of the above- 
mentioned dried collodion membranes. 

We have therefore proceeded with the development of methods for the prep¬ 
aration of electronegative (6, 12, 25, 27) and electropositive (1,4, 12) mem¬ 
branes of porous character, for those of the ‘^dried’* type as well as for ^‘porous’’ 
ones. Our obvious goal was to produce membranes of somewhat extreme elec¬ 
trical characteristics, such as membranes which combine extreme ionic selectivity 
with great absolute permeability, as far as dried-type membranes are concerned, 
and membranes which show a very high degree of anomalous osmotic behavior in 
the case of the ‘"porous” type. The methods of preparation and characteriza¬ 
tion of such membranes can undoubtedly be applied with certain modifications 
to other membranes than those investigated so far. 

VI. THE ORIGIN OF THE ELECTROCHEMICAL CHARACl'ER OF COLLODION 

Collodion membranes of different porosity, prepared from various com¬ 
mercially available collodion solutions, all behaved alike and in normal fashion 
towards non-electrolyte solutions, but large differences, characteristic of the 
different preparations, appeared when the membranes were tested for their 
electrical behavior either with the anomalous osmosis or the concentration po¬ 
tential method (25,26). Considerable differences in the electrochemical behavior 
of various collodion preparations had already been found by Michaelis and 
Perlzweig (18) and by Wllbrandt (30). The most characteristic electrical effects 
were obtained with certain brands of imported (Kahlbaum) preparations. 

It has been assumed generally, though not universally, that the electrokinetic 
charge of collodion is due to ion adsorption (11, 16). This, however, hardly 
seemed compatible with the fact that membranes prepared from different col¬ 
lodion preparations, though they behave exactly alike if tested with non-elec¬ 
trolytes, show profound differences in contact with electrolyte solutions (25, 26). 

These differences, on the basis of the ion adsorption hypothesis, can be ex¬ 
plained only by the assumption that indifferent, non-specific ions are adsorbed by 
the various collodion preparations to very different degrees. Such an as¬ 
sumption, however, is not in harmony with the general experience on adsorption 
phenomena.*^ 

The clarification of this controversial point could be achieved by comparison of 
several collodion preparations of different degrees of electrochemical “activity”. 
We were fortunate in securing at the time of the outbreak of the war a sufficient 
supply of the various electrochemically active German preparations, which had 
been used preferentially by previous investigators, to carry out such a 

* Michaelis (L. Michaelis: Kolloid-Z. 62, 2 (1933)) indicated that the purest collodion 
preparation seemed to show the most pronounced electrical properties, but left any decision 
on this question to the experts in nitrocellulose chemistry. Wilbrandt (30) tried to explain 
the differences between different brands of collodion preparations by the assumption of 
differences in the number and distribution of polar groups (O—groups). His views 
were critically considered and cannot be accepted (26). 
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comparison. It would mean too much of a deviation into the field of nitrocellu* 
lose chemistry to give all the details. Empirically we found with the various 
preparations a veiy pronounced parallelism between ash content and activity, 
sulfate content and activity, fluidity in solution and activity, and opacity in solu¬ 
tion and activity. The electrochemically active brands showed high ash and 
high sulfate content and their solutions were of low viscosity and somewhat 
turbid. The electrochemical activity of collodion preparations therefore seemed 
to go parallel with the impurities present and the degree of degradation of the 
nitrocellulose molecules in solution (25, 26). 

On the basis of further work it could be concluded that the electrochemical 
activity of collodion membranes depends entirely upon the presence of impurities 
of an acidic (anionic) nature contained in the collodion used for their preparation. 

The active acidic impurities are largely due to partial oxidation which occurs 
in the manufacturing process, and partially due to acidic groups which are present 
in the native cellulose fiber (26). It is easy to see that this view of the origin of 
the electrochemical properties of collodion is compatible with the observation 
that various collodion preparations may behave strictly similarly towards solu¬ 
tions of non-electrolytes but very differently when tested with solutions of elec¬ 
trolytes. 

The impurities present in the collodion are high-molecular-weight organic 
compounds of anionic, acidic character, such as ‘‘nitrocellulosic acid8^\ i.e., 
nitrocellulose molecules carrying one or several carboxyl groups. These 
impurities must be assumed to act in the following manner: They constitute an 
esential part of the membrane skeleton; some of them are located with 
their acidic dissociable groups in the pore walls of the membrane. Thus fixed, 
dissociated or potentially dissociable units arise on the pore walls of the 
membrane. They are built pernoanently into the collodion structure, the cor¬ 
responding counter-ions being actually or potentially dissociated off into the ad¬ 
jacent solution which fills the pore. The frequency of the occurrence of the 
dissociable groups on the pore walls,—^in other words, the charge density on the 
structural elements of the membrane which are accessible to the solution,—deter¬ 
mines the degree of electrochemical activity of a membrane. 

Upon contact of the membrane with an electrolyte solution the counter-ions 
of the fixed anionic groups exchange with the cations of the former. This is 
obviously the mechanism which determines the actual electrochemical activity 
of a membrane in contact with various electrolyte solutions. If the counter-ions 
in solution are the cations of a strong inorganic base, complete or nearly complete 
dissociation of the surface compounds can be assumed. From this we can con¬ 
clude that the base-exchange capacity of the pore surfaces of a membrane deter¬ 
mines its electrochemical activity.® It will be necessary to discuss this point 
in greater detail later. 

® This concept, of course, does not apply without restriction to all situations. For 
example, if any one of the ions present in solution is strongly adsorbable, it must strongly 
influence the ionic structure of the interfacial layer. In such cases we undoubtedly ap¬ 
proach the situation formerly assumed also for strong electrolytes. 

It is conceivable that with a membrane material which is completely or nearly completely 
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The above concept of the electrochemical nature of collodion membranes links 
them closely to the ^‘proteinized’* membranes of Loeb and others. In both cases 
the electrochemical character of the membrane is determined predominantly by 
the presence of high-molecular-weight dissociable compounds located in the 
microsurfaces of the membrane structure, not by non-specific ion adsorption. 
With the collodion membranes the electrochemically active compounds happen 
to be contained in the collodion itself; with the proteinized membranes the elec¬ 
trochemically active molecules cover the structural elements of the membrane in 
the adsorbed state—the end result from the electrochemical point of view is 
hardly distinguishable. 

VII. THE ACTIVATION OF BULK COLLODION AND COLLODION 
membranes; MEGAPERMSELECTIVE COLLODION 
MEMBRANES 

In the case of the electronegative membranes the immediate experimental 
problem was to increase by some method the surface concentration of fixed dis¬ 
sociable acidic groups present on the pore walls of collodion membranes, since the 
various collodion preparations which are commercially available at present in 
this country are too pure to yield membranes of pronounced electrochemical 
activity.’ 

Collodion can be activated by oxidation, for oxidation increases the number of 
dissociable anionic groups (carboxyl groups) in it (25,27). The oxidation method 
of activating collodion may be applied to fibrous collodion in bulk as w^ell as to 
membranes. Oxidizing agents which were found to be satisfactory are sodium 
and calcium hypochlorites and sodium hypobromite in various concentrations 
and at various pH values. The most effective oxidizing agents, however, are 
solutions of sodium or potassium hydroxide. The alkalies cause a complicated 
decomposition of nitrocellulose with the formation of nitrites and probably other 
nitrous compounds. The nitrous compounds act upon the collodion, causing 
thorough oxidation. Detailed oxidation procedures have been w^orked out for 
bulk collodion and for highly porous and for dried membranes, the optimum 
conditions being different in the three cases. 


void of any dissociable groups, even in solutions of strong electrolytes, preferential ion 
adsorption conies into play to a decisive extent. However, no case of this nature has so 
far been described for collodion membranes. Acetylcellulose membranes w’ere found by 
Meyer and Sievers (K. H. Meyer and J.-F. Sievers: Helv. Chim. Acta 19, 665 (1936)) to be¬ 
have as electronegative membranes with dilute solutions of potassium chloride and lithium 
chloride, but as positive membranes in more concentrated solutions of these electrolytes 
(see also Wilbrandt (W. Wilbrandt: J. Gen. Physiol. 18,933 (1936)). This could be explained 
by the assumption of so low a surface concentration of acidic groups on the acetylcellulose 
particles that it is able to maintain the electronegative character of the membrane only if 
opposite influences are more or less absent. At higher electrolyte concentrations adsorp¬ 
tion or the formation of an cationic surface compound—perhaps an oxonium salt—over¬ 
comes the influence of the acidic groups built into the acetylcellulose surfaces. Experi¬ 
ments with various electrolytes should be helpful in the clarification of this problem. 

Crude collodion, a product which is only partially purified and is known to contain a 
sizable number of acidic groups, shows considerable electrochemical activity, similar to that 
found with certain inferior grades of German collodion. 
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Collodion oxidized in bulk after thorough washing, drying, and dissolution in 
ether-alcohol 3Hields very active membranes. Porous membranes prepared 
from properly oxidized collodion show a degree of electrochemical activity which 
substantially surpasses anything described for the most active collodion prepara¬ 
tions in the past. Dried collodion membranes prepared from activated bulk 
collodion yield characteristic concentration potentials which are significantly 
higher than any previously reported, approaching the thermodynamically pos¬ 
sible maximum closely. "V^ereas the purer commercial preparations show char¬ 
acteristic concentration potentials which vary between 10 and 40 mv., dried 
membranes prepared from activated collodion consistently show values of 62 to 
64 mv., 66.1 mv. being the thermodynamically possible maximum value. Collo¬ 
dion activated in bulk by oxidation is therefore a superior substitute for the 
electrochemically active preparations which were formerly available.® 

The oxidation of collodion membranes as such yields still more satisfactory 
results. Porous membranes after oxidation show an enormous magnification of 
the extent of anomalous osmosis, a great increase of the concentration potential 
across them, and likewise a considerable enhancement of electroosmosis through 
them. The behavior of the porous membranes towards non-electrolytes changes 
but little on oxidation. The volume of such membranes remains constant within 
the limits of experimental error, as does also their per cent water content; the rate 
of filtration is not much changed. From this it is concluded that the geometrical 
structure of membranes is but little changed on oxidation. 

The enormous change in the electrochemical behavior of porous collodion mem¬ 
branes when subjected to oxidation can be seen in figures lb and Ic, which show 
the extent of anomalous osmosis at various concentration levels for the 
same membrane specimen before and after oxidation. Figures lb and Ic also 
show that the behavior of the membranes with non-electrolyte (sucrose) solutions 
is but little changed on oxidation. 

Table 1 shows the rate of electroosmosis through a porous collodion membrane 
before and after oxidation. 

In agreement with expectation, membranes prepared from different collodion 
preparations which behave rather uniformly towards non-electrolytes but very 

* The collodion used for most of our work was “Collodion Cotton, Pyroxylin (Moistened 
with Denatured Alcohol),** as obtainable from the J. T. Baker Chemical Co. of Phillipsburg, 
New Jersey. All the samples used over a period of several years, with the exception of one, 
behaved very much alike and contained about the same quantities of impurities; they were 
all prepared from cotton. Of late a considerable part of the commercially available collo¬ 
dion is prepared from wood pulp. Information concerning the current manufacturing 
process is difficult to obtain. We wish to thank Mr. G. B. Hafer of the J. T. Baker Co., w'ho 
has kindly given the following data concerning the collodion cotton obtainable from this 
company: “The conditions of nitration and extent of purification have changed only insofar 
as it is necessary to adapt conditions to the type of cellulose being used. The greater part 
of the nitrocellulose has been of 15-20 seconds. The ethyl alcohol used for dehydration has 
always been formula 2B, which contains no admixture other than approximately i% Benzol. 
The nitrogen content of the nitrocellulose is held reasonably close to 12%. The approx¬ 
imate molecular weight of this type of nitrocellulose is 118,500. This corresponds to a 
degree of polymerization of 450.** 
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differently towards electrolyte solutions become similar in their behavior towards 
the latter after they are oxidized. 

Table 2 can be taken as an additional proof for the earlier statement that the 
geometrical structure of membranes prepared from different collodion prepara¬ 
tions seems to be essentially similar. The differences in their behavior towards 



Fig, 1. A comparison of the extent of anomalous osmosis through various collodion 
membranes of about equal porosity. 


TABLE 1 


The influence of oxidation on electrodsmosis through a porous collodion membrane 
(Membrane area, about 100 cm.*; current, 10 milliamperes) 


CONCENTRATION OF KCl SOLUTION 

ELECTROdSUOTIC FLOW PER HOUR 

Before oxidation 

After oxidation 

moles per liter 

c,mm. 

c.mm. 

0.001 

2420 

3750 

0.005 

730 

2300 

0.01 

360 

1210 

0.05 

0 

! 490 

0.1 

0 

360 


electrolyte solutions arc due to the electrical factor; namely, the frequency of the 
occurrence of dissociable groups in their pores at the collodion-water interface. 

Dried collodion membranes may likewise be oxidized successfully. They give 
concentration potentials which approach the thermodynamically possible maxi¬ 
mum still more closely than those prepared from “actix^ated” collodion prepara¬ 
tions; characteristic concentration potentials of 53 to 54 mv. can be obtained 
regularly. These oxidized dried membranes, however, in spite of their excellent 
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ionic selectivity, are not fully satisfactory from our point of view. Their resis¬ 
tance is too high to make them useful for extensive model studies. 

Therefore we have developed a method of preparing dried-type membranes 
showing a combination of highest ionic selectivity with low resistance (6,12). 
For the preparation of such membranes, porous membranes are oxidized with 
sodium hydroxide and dried over a mandrel. 

Test tubes having a small hole which is sealed with sugar are rotated 
horizontally in a well-centered position. A 4 per cent solution of collodion 
cotton in absolute ether-alcohol (50:50) is poured slowly over the tubes while 
they are rotated. At the proper speed of rotation it is not difficult to cover the 
tubes evenly with collodion without the appearance of any ridges or thin spots. 

TABLE 2 


The influence of oxidation on the activity of porous collodion membranes prepared from various 
brands of collodion: anomalous osmosis 



a 

1 

> 

1 

BIANO OF COIXODION 

BEFOBE OXIDATION 

AFTXm OXIDATION 

Osmotic rise 
with 0.25 If 
sucrose 

Anomalous 
osmosis with 
Jlf/512 KtSOi* 

Osmotic rise 
with 0.25 If 
sucrose 

Anomalous 
osmosis with 
M/512 KiSOi* 


mm. 

mm . 

mm. 

mm. 

Mallinckrodt ' Tarlodion ” . 

124 ' 

43 

142 

332 

Merck Collodion U.S.P. 

128 

54 

140 

290 

Baker Collodion U.S.P. 

Schering-Kahlbaum Collodium **pro 

128 

48 

120 

338 

analysi”. 

Schering'Kahlbaum Collodium ^^zur 

125 

32 

140 

320 

Herstellung von Membranen’^. 

Schering-Kahlbaum “Celloidin*^ ‘‘for 

115 

83 

145 

173 

general use''. 

Schering-Kahlbaum Collodium 

126 

228 

158 

340 

DAB 6. 

124 

1 

195 

Decomposes on oxi¬ 
dation 


* This concentration was chosen because it gives maximum effects with membranes 
of medium activity. 


The tubes are next rotated for 3 min., another layer of collodion is added, and«3 
min. later a third and final layer is put on. The tubes are now rotated for another 
8 min. and then immersed in distilled water which is changed repeatedly. After 
30 min. the membranes are ready for oxidation. The optimum duration of the 
various dr 3 dng periods depends on the nature of the collodion solution and the 
room temperature. It is advisable to cast the membranes at a temperature below 
22®C. (in a thermoconstant room if available), otherwise gas bubbles may readily 
appear in the membranes. 

The porous membranes thus prepared are oxidized by placing the membranes 
still on the tubes in 1 ilf sodium hydroxide at controlled temperature for a mea¬ 
sured length of time. The proper oxidizing time is found empirically; it varies 
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with the properties of the membranes desired. Increasing oxidation increases 
the absolute permeability of the membranes, but decreases their mechanical 
strength. After thorough washing with water, the membranes (still on the tubes) 
are dried in air of controlled humidity for several hours. While drying, the mem¬ 
branes undergo what amounts to a stretching in two dimensions, the whole 
volume loss being compensated for by a decrease in thickness. To remove these 
dried membranes from the tubes they are soaked in water for a few hours. The 
soaking swells the membranes slightly (5), makes them less brittle, and also pro¬ 
vides a lubricant for their movement over the glass; the sugar is dissolved by the 
water, thus facilitating the removal of the membranes from the glass tubes. For 
easy handling the glass-clear, perfectly smooth membranes are tied Avith linen 
thread to glass rings which just fit inside the open end of the membrane. For 
further use they are kept in water to which thymol is added as a preservative. 
The thickness of the membranes is about 30 n. The characteristic concentration 


TABLE 3 

Characterialic concentration potential and resistance of *^megapermselective'* 

collodion membranes 


MSICBSANE 

CHARACTEmiSTXC CONCENTSATION 
POTSMTtAL 

O.lifKCt/0 01 JfKCl 
(=b 0.1 mv.) 

BESISTANCE IN 0.1 M KCl 


mv. 

0 per cm.* 

a (3). 

54.5 

550 

b (4). 

54.5 

525 

c (1). 

54.6 

125 

d (1). 

54.2 

150 

e (6). 

54.8 

300 

f (1). 

55.1 

50 

g (1). 

55.0 

25 

h (1). 

54.9 

25 


potential across these membranes is rarely below 54 mv. and in many instances 
approaches the thermodynamically possible maximum value of 55.1 mv., within 
the limits of experimental error. To obtain a quantitative measure of the 
absolute permeability of such membranes Ave have determined their resistance in 
0.1 M potassium chloride solution. Data on the characteristic concentration 
potential and the resistance in 0.1 M potassium chloride solution per square cen¬ 
timeter arc given in table 3. On account of the great absolute permeability and 
high ionic selectivity of these membranes they haA^e been designated as “mega- 
permselective’^ (or “permselective”) collodion membranes. 

Table 4 gives a comparison of the elcctromoth^e behavior and the resistance of 
several kinds of conventional-type dried and of megapemiselective collodion 
membranes. 

The megapermselective collodion membranes can at present prepared Avith 
practically any desired resistance above 25 ohms per square centimeter in 0.1 M 
potassium chloride solution. Corresponding to the Ioav resistance of these mem- 
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branes the exchange of cations across them is several orders of magnitude greater 
than that of previously described membranes. 

VIII. ELECTROPOSITIVE MEMBRANES; POROUS AND MEGAPERMSELECTIVK 
PROTAMINE MEMBRANES 

There is no simple and easy way to introduce basic (cationic) groups into col¬ 
lodion by means of a chemical reaction. Also, the incorporation of cationic 
material such as basic dyestuffs or alkaloids in the collodion solution from which 
membranes are prepared yields only unsatisfactory results. One therefore must 


TABLE 4 

A compaHson of electromotive behavior and resistance of several kinds of conventional ^^dried** 
and of **megapermselective** collodion membranes 


DESCSIPnON OF ICEMBmAZn: 

. 

CHAEACTE&XSTXC 

CONCENTRATION 

POTENTIAL 

0.1 M KCl/0.01 M 
KCl 

RESISTANCE IN 

0.1 a KCl 

lEMAXES 

Mallinckrodt “Parlodion,'* commercial 
preparation. 

mv. 

25-40 

0 per cmA 

>500.000 


Baker collodion U.S.P., commercial 
preparation. 

40-45 

>500.000 


Scherin g-Kbaiim * ‘Celloidin * ’. 

40-53 

^75.000 


Crude Collodion. 

45-50 

^100.000 

Resistance can 
>not be adjust¬ 
ed at will 

Oxidized collodion, Baker Collodion 
U.S.P., oxidized with sodium hypo- 
bromite.. . 

50-55 

>500.000 

>500.000 

1 

~50.000 

<25->5.000 

Oxidized collodion, Baker Collodion 
U.S.P., oxidized with sodium hydroxide. 
‘‘Oxidized** membranes, dried mem¬ 
branes oxidized with sodium hypobro- 
mite. 

50-55 

61-53 


“Megapermselective** membranes. 

54^55 

Resistance can 
be adjusted at 
will 



rely on the absorption method, using high-molecular-weight material of pro¬ 
nouncedly cationic (i.e., basic) character. 

Electropositive membranes showing very satisfactory properties can be pre¬ 
pared by adsorption from solution of protamines on collodion membranes. Pro¬ 
tamines are basic proteins with isoelectric points about pH 12 and of molecular 
weight around 3000.® 

Porous protamine collodion membranes of great activity are prepared by im¬ 
mersing highly porous collodion membranes in solutions of protamine chloride or 
sulfate buffered with a borate buffer at a pH of about 10.5 (26). After several 
days’ contact with the protamine solution, the membranes are washed and ready 

»We are indebted to Eli Lilly and Company, Indianapolis, Indiana, for furnishing 
samples of protamine. 
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for further use. The extent of positive anomalous osmosis obtained with such 
membranes is shown in figure 2. Corresponding to the electropositive character 
of these membranes the differences in the behavior of various electrolytes depend 
on the valency of the cation (w’hereas the valency of anion was the determining 
factor with the electronegative collodion membranes). Negative osmosis is very 
pronounced with these membranes, as can be seen from figure 3. 



Fig. 2. The extent of anomalous osmosis through an (electropositive) protamine collo¬ 
dion membrane. 
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Fig. 3. The extent of negative osmosis through an (electropositive) protamine collodion 
lembrane. 


The pH range over which such membranes behave as strongly electropositive 
can be seen from figure 4, which for comparison gives also the behavior of an 
oxyhemoglobin membrane of Loeb. 

Dried-type protamine collodion membranes can be obtained by drying porous 
protamine collodion membranes in air. These membranes in all their properties 
—except their wrinkled shape—can be considered to be the electropositive ana¬ 
logue of conventional dried collodion membranes (1). Their resistance is fairly 
gl 
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The preparation of really satisfactory, “megapermselective” protamine col* 
lodion membranes is carried out similarly to the preparation of the megapermr 
selective collodicm membranes (4). Three-layer collodion membranes of high 
porosity are cast as described before; after thorough washing they are immersed 
for several days, while still on the tubes, in protamine solution buffered at pH 
10.5. There^ter the membranes are washed and dried in air under controlled 
conditions, again still on the tubes. After this treatment they are removed from 
the tubes following lengthy immersion in water. In this state most of the mem- 



pH 

Fio. 4. A comparison of the pH ranges over which oxyhemoglobin and protamine mem¬ 
branes behave as electropositive membranes. 


TABLE 5 

CkaracterUtic concentration potential and resistance of '^megapermselective** 

protamine membranes 


ICEMBKANX 

CHAXACTEKX8T1C CONCBNTRATXON 
POTENTIAL 

0.1 M KC1/D.01 U KCI 

lESiSTANCE IN 0.1 M RCl 


mv. 

Q p^r cm^ 

A. 

-52.6 

700 

B. 

-53.0 

600 

C. 

-62.8 

500 

D. 

-53.0 

250 

E. 

-53.0 

100 

F. 

-52.9 

40 

G. 

-52.6 

30 


branes do not show satisfactory ionic selectivity. In order to acquire such selec¬ 
tivity they must in addition be dried in air without support for several hours, if 
possible at controlled humidity. The drying shrinks the membranes a little, 
giving them a perceptible waviness without causing them to lose their general 
shape and appearance. 

The electromotive properties and the resistance of some megapermselective 
protamine collodion membranes are summarized in table 5. These membranes 
are mechanically strong and keep their electrochemical properties for at least a 
year when stored either dry or wet. 
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The thermodynamically possible maximum value has never been reached with 
the megapermselective protein membranes. This can be either due to the 
presence of a few anionic (i.e., acidic) groups canned inherently or as impurity by 
the protamine, or it may be that certain pores or parts of pores which are not 
covered by protamine carry no charges or perhaps even negative charges pertain¬ 
ing to the collodion matrix of the membrane. Only further work can decide 
whether it is possible to better the ionic selectivity of these membranes. The 
characteristic concentration potentials which have been obtained so far corres¬ 
pond to an anion leak of 2 to 3 per cent. 

Except for this slight defect of the dried-type protamine collodion membranes, 
the porous as well as the megapermselective protamine collodion membranes 
constitute exact electropositive analogues of the activated porous and mega¬ 
permselective collodion membranes. 

SUMMARY 

1. An attempt is made to circumscribe the meaning of the term “membrane*’ 
from the physicochemical viewpoint. Membranes are not only restrictive bar¬ 
riers but may also be the locus and the means of many diversified energetic proc¬ 
esses. Accordingly the following definition is suggested for physicochemical 
membranes: “A membrane is a phase or structure interposed between two phases 
or compartments which obstructs or completely prevents gross movement 
between the latter, but permits passage, with various degrees of restriction, of one 
or several species of particles from the one to the other or between the two ad¬ 
jacent phases or compartments, and which thereby acting as a physicochemical 
machine transforms with various degrees of efficiency according to its own nature 
and the nature and composition of the two adjacent phases or compartments the 
fr(^ energy of the adjacent phases or compartments, or energy applied from the 
outside to the latter, into other forms of energy.” 

2. The investigation of the machine character and of the manifold machine 
actions of membranes in the past has been retarded giuatly by the lack of mem¬ 
branes suitable for model studies, particularly for the study of the electrical 
membrane effects, the molecular mechanisms being responsible for these latter 
effects having been controvereial. The characteristic electrochemical properties 
of collodion membranes are shown to be due to the presence of anionic (i.e., 
acidic) impurities (oxynitrocellulose, “nitrocellulosic acid”) in the collodion. 

3. The methods of electrochemical activation of collodion and collodion mem¬ 
branes developed by Sollner, Abrams, and Carr are briefly review^ed and new' 
improvements of the technique are described. Dried-type collodion membranes 
may now be prepared which combine extreme ionic selectivity with very great 
permeability for the unrestricted ion. Over wide ranges of concentration such 
electronegative “megapermselective” collodion membranes prevent the penetra¬ 
tion of anions while readily peimitting the exchange of alkali (and certain other) 
cations across their thickness. The absolute permeability of megapermselective 
collodion membranes is three to four orders of magnitude greater than that of 
any previously described membranes of high ionic selectivity. 
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4. The method of Abrams and Sollner for the preparation of electropositive 
membranes by the adsorption of protamine on highly porous collodion mem¬ 
branes has been improved. The preparation of electropositive ‘‘megapermselec- 
tive** protamine collodion membranes is described. These membranes—except 
for a small leak of cations—^are in their properties strict electropositive analogues 
of the electronegative megapermselective collodion membranes. 
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In contrast to tlie more than three thousand minimum azeotropes which have 
l>een recorded in the literature, there are only about two hundred and fifty maxi¬ 
mum azeotropes. The best known of this type are systems having water as 
one component and an inorganic acid (hydrofluoric acid, hydrochloric acid, 
hydrobromic acid, hydriodic acid, nitric acid) as the second constituent. Less 
familiar are maximum azeoti'opes foimed from acetic acid and organic bases 
(pyridine, picoline, triethylamine), first described by Gardner (2) in 3891, work¬ 
ing in Metor Meyer’s laboratory. On the assumption tliat definite compounds 
were fonned, Gardner ascribed to one of his azeotropes the fonnula 4 CH 3 COOH • 
X(C 2 H 6)3 but admitted that in the vapor state, at the boiling point of thymol, 
this “compound” was completely dissociated into acetic acid and triethylamine 
molecules. Since no other infonnation besides the boiling point (162®C.) of the 
“compound” was available, it was considered worthwhile to study the boiling 
p()int-^’apor composition diagram for the acetic acid-triethylamine system at 
atmospheric pressui-e. In the course of this investigation it was discovered tliat 
the two components arc not miscible in all proportions. In this respect the 
system resembles to some extent tlie watei'-hydrochloric acid and the water- 
hydrobromic acid systems, where there is little miscibility on the acid side in 
spite of the fact that considerable heat evolution and contraction occur when one 
of these acids is added to watx^r. 


EXPERIMENTAL 

(dacial ace'tic acid (99.G per cent) was purified by partially freezing the acid, 
decanting the liquid portion, and allowing the frozen acid to melt. The process 
Avas repeated, and the acid was finally distilled from chromic anhydride to remove 
traces of aldehyde. The density (d^ = 1.045) and refractive index (n^ == 
1.3722) agreed with those given in the literature. Triethylamine obtained from 
Sharpies Solvents Corporation was subjected to fractional distillation, and the 
fraction distilling over at 89.4°C. (corr.) at 760 mm. was collected. Its density, 
df, was 0.723, and the refractive index, nf, was 1.3990. 

In order to obtain the composition of the vapor phase in equilibrium with liciuid 
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at various temperatures, a number of samples were prepared by weighing different 
quantities of both constituents in smaU tubes suvd determining their index of 
refraction at 25'’C. with the Abbe refractometer. These data are recorded in 
table 1 and plotted as a dash-dash line in figure 1. On account of the small 



Fig. 1. The system acetic acid-triethylamine 


amounts used (approximately 6 ml. each time), the densities (df) were deter¬ 
mined in a small pyknometer (contents 0.616 ml.) built from a 1-ml. pipet. 
The results, accurate to within 0.2 per cent, are recorded in the same table and 
plotted as a dotted line in figure 1. 
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A number of solubility determinations were made. To this end weighed 
amounts of the components were placed in Pyrex test tubes narrowed in the 
center. The constricted part of each tube was sealed off after cooling in a 
mixture of ice and salt and removing the air by evacuation with a water pump. 
The tubes were heated in a glycerol bath and the two layers merged by vigorous 
shaking. The temperatures at which, on cooling, the clear solutions became 
clouded, w'ere used to construct the solubility curve in figure 1. For mixtures 
containing 3.87, 7.91,11.8, 20.8,30.5,39.5,44.5, and 46.0 per cent acetic acid the 
corresponding temperatures of cloud formation were 13.5, 57.0, 77.6, 126.5, 
126.5, 98.8, 42, and 20®C., respectively. 

The pure components and mixtures of varying composition were heated 
(10 ml. each time) in a 50-ml. distilling flask, completely immersed up to the 
delivery tube in a 400-ml. beaker containing glycerol. The glycerol was stirred 
vigorously and the temperature of the bath recorded at regular intervals. The 
rate of heating was I'egulated, the beaker being covered with a thick layer of 


TABLE 2 


OVERALL COMPOSITION 

EQUXLXBmXUM TEXCPEBATUXE 

COMPOSITION OP LIQUXD 

COMPOSITION OF VAPOB 

per cent acid 

•c. 

per cent acid 

per cent acid 

0 

89.4 

0.0 

0.0 

16 

92.6 

40 and 13 

1.0 

46 

105.6 

57.6 

1.- 

46 

128.5 

61 

1.- 

46 

147 

66 

1.- 

64 

162.6 

68.5 

59 

69 

163 

69 

69 

70 

162.7 

69.5 

78 

74 

160 

70 

99 

86.5 

134.5 

78 

99.5 

100 

118.2 

100 

100 


asbestos cement, and the temperature, if necessary, maintained to within 2®C. 
The temperatui'e of the escaping vapor was read on a ground-in thermometer. 
Both theimometers used w'ere calibrated against a U. S. Bureau of Standards 
thermometer for tempenitures to 100°C. and for higher temperatures by deter¬ 
mining the boiling points of pure acetic acid (118.2®C.) and bromobenzene 
156.2®C.). The temperature of the bath was invariably a few degrees higher than 
that read on the inside (vapor) thcimometer. The t/cmperatures recorded in 
table 2 are those read on the latter and the i*eadings w^re adjusted to 760 mm. 
pressure. 

The temperature of the invariant liqiiid-liquid-vapor eciuilibrium was es¬ 
tablished by slow ly heating, with constant shaking, a mixture containing 16 per 
cent acetic acid. The constant boiling point w as located at 92.6°C. and the distil¬ 
late contained 1 per cent acid. The composition of the two layers w^as derived 
from the intercepts on the horizontal line at 92.6^C^ (40 and 13 per cent acetic 
acid). 
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Heating solutions of different compositions to definite temp^Atures and 
analyzing the distillate and residue refractometrically led to the data of table 2 
and the corresponding vapor and liquid curves of figure 1. 

RESULTS 

Although the composition of the azeotrope (69 per cent acetic acid) is close to 
that required for a compound containing 4 moles of acetic acid plus 1 mole of 
triethylamine (70.4 per cent acetic acid), there is no direct evidence for the 
existence of such a compound. Attempts made by Zack (5) to establish its 
identity by means of freezing-point determinations failed, as no crystallization 
on cooling occurred beyond 75 per cent acid (f.p,, — 19“C.). Since considerable 
heat evolution and a slight contraction occurred on adding triethylamine to acetic 
acid, some kind of chemical action, possibly of ionic nature—^to which conductance 
measurements mi^t lend support—^is indicated. Definite compound formation 
between acetic acid and amines has, however, been proven by O’Connor (4) 
and by Lucasse and coworkers (3). The presence of both dimers and monomers 
in acetic acid vapor naturally leads to the assumption of dimers (and polymere) 
in the liquid state, and.it is possible that triethylamine, acting as a solvent, tends 
to break up the di(poly)mers, the resulting monomers being only slightly soluble 
in the amine. When the acid concentration is increased more dimers are present, 
which dissolve part of the amine and a two-layer system results. As pointed 
out by Ewell and coworkers (1), solubility is not necessarily governed by polarity 
(dipole moments). It seems premature, however, to make it largely a function of 
hydrogen bonding in view of the fact that even slight changes of temperature 
may greatly affect the solubility, as for the system triothylamine-water. 

.SUMMAItV 

The presence in tlie acetic acid-triethylamine system of a maximum azeotrope 
containing 69 per cent by weight of acetic acid at 1C3'’C\ was e.stablished. A 
non-variant equilibrium exists at 92.C®C%, the coexisting phases containing 40, 
13, and 1 per cent of acetic acid, respectively. The maximum critical solution 
temperature was located at 25 per cent acetic acid and 130‘’C'. At room tempeiu- 
ture (20“C.) the limits of miscibility are 46 and 4 per cent acetic acid. 
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In a previous paper (1) evidence was presented which established the existence 
of minima in certain surfacc-tcnsion-concentration curves as the result of the 
presence of at least two surface-active substances in the same solution. It was 
shown that the components could be cither a mixture of sodium lauryl sulfate and 
unsulfated lauryl alcohol or sodium lauryl sulfate and a trace of a higher-molccu- 
lar-weight homologue or analogue. In the latter case, it was postulated that the 
minima were due to a salt effect of the principal constituent, sodium lauryl 
sulfate, upon the traces of the higher-molecular-weight homologue or analogue. 

At that time, it w^as suggested that a critical examination of all materials 
which have been i*eported to exhibit minima in surface tension might reveal that 
their “anomalous’^ tehavior was the result of various impurities or hydrolysis 
products lather than the property of a single component. 

The prc'sent paper deals with some of the data which have been obtained by 
means of experiments suggested by our previous concepts concerning the surface 
composition of solutions containing two or more surfacic^-activc electrolytes. 

Specifically, the object of this work has lx)en to obtain some information con¬ 
cerning the relative surface concentration of two component mixtures of surface- 
active materials as a function of bulk concentrations, which in turn could be re¬ 
lated to th(^ ‘^anomalous” interfacial-tension data previously observed for these 
same solutions. 


PROCEDURE 

The expiTimental technique employed in determining the rclationsliip betw^een 
relative surfa<?e and bulk concentrations of these systems w'as based upon the 
interpretation of intcrfacial- or surface-tension data obtained before and aftpr 
attempts at selective adsorption of one of the surface-active components. 

The suiface- and interfacial-tension measui*emcnts w('rc made as previously 
described (1), using a du Noiiy tensiometer. The precision of this method, 
w hile not the liighest obtainable, is several times greater than Is required to detect 
the effects observed. The materials used wv.ro highly purified. Details of their 
preparation appear elsewhere (2). 

Selective adsorption of the surface-active materials wvm achieved by creating 
relatively large areas of either an air-liquid or benzene-liquid interface from rela¬ 
tively small volumes of the test solutions. 

When this had been done, in a manner to bv des(;ribed, the solutions were 
brought to what w^as believed to be a steady state with respect to the newly 

1 Presented at the 108th meeting of the American Chemical Society, which was held in 
New York City, September 11-16, 1044. 
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created interface by agitating the bulk liquid in contact with the interface for 
several minutes. At this point, samples of the bulk liquid were withdrawn from 
contact with the extended interface, and their surface or interfacial tensions were 
measured and compared with the values obtained for imtreated solutions. Elec¬ 
trolytic conductance measurements were made on several occasions and estab¬ 
lished that the bulk concentration changes produced by the selective adsorption 
were less than i 1 per cent, which Is the limit of error of the resistance bridge 
used in the determination. 

In the selective adsorption experiments at air-liquid interfaces, known volumes 
of foam of uniform bubble size were produced by passing clean air, at constant 
pressure, through a single glass orifice into 50 ml. of the test solution. The foam 
receptacle was a Pyrex-glass cylinder 32 cm. long and having an outside diameter 
of 7.0 cm. During the foam formation this cylinder was clamped in a vertical 
position. At the lower end, the bubbling orifice entered through a standard- 
taper, ground-glass joint, and the upper, open end of the cylinder was formed into 
a short narrow neck. 

It was assumed that the interfacial area, in each experiment, was proportional 
to the foam column height, since the bubbles were of uniform size. In all the 
tests made, the foams produced were sufficiently stable to prevent any appreci¬ 
able coalescence of the bubbles during the experiment. In each case, after the 
desired amount of foam had been formed, the air was shut off and the cylinder 
containing the foam was removed from the supporting clamps and gently rocked 
to and fro for several minutes to insure adequate mixing of the foam and bulk 
liquid. Samples of the bulk liquid which were to be tested were withdrawn from 
the cylinder by pouring from the upper end directly into clean Erlenmc'yer 
flasks. The surface-tension measurements were made in these flasks. In pre¬ 
paring the Erlenmeycr flasks and the glass cylinder for use, thc}'^ wcn^ cleansed 
with hot chromic and sulfuric acids cleaning solution, washed with distilled water, 
and paraffined inside and out, around the neck. This paraffin treatment has 
been found very useful in avoiding accidental contamination from handling. 

The experiments on selective adsorption at Ix^nzene-liquid interfaces have 
been only qualitative. The solutions were prepared for interfacial-tension 
measurements by shaking 25 cc. of the solution with 15 cc. of benzene, thus form¬ 
ing a fine dispersion of the benzene. 

These emulsions were permitted to cream, and the lower bulk liquid was with¬ 
drawn. This operation was repeated three times, after which the interfacial- 
tension measurements were made, using the clear aqueous phase. Obviously no 
exact knowledge of the relative interfacial areas was possible under these con¬ 
ditions. AU of the experiments were carried out at room tempe^ratures, which 
varied within 3°C. 


RESULTS 

The interfacial area in the foam experiments w'as approximately 2 X 10^ cm.® 
for a full cylinder of foam, as calculated from the bubble volume, which was esti¬ 
mated as 0.017 ml., and the cylinder volume of 1100 ml. 
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Curve 1 of figure 1 represents the surface-tension-concentration relationships 
for pure sodium lauryl sulfate which had been ether-extracted in the dry state for 
36 hr. in a Soxhlet apparatus. Curve 2 illustrates the minimum obtained when 
pure sodium lauryl sulfate is contaminated with 0.5 per cent lauryl alcohol, on the 
total solids basis. Point A' is the value obtained after forming a full cylinder of 
foam from 50 ml. of solution of concentration A, 0.015 molal, and then diluting 
to 0.0075 molal. Point B' is the value obtained when the same procedure is fol- 


SURFACE TENSION - DYNES PER CM. 



Fig. 1. Effect of foam extraction on surface tension of solutions 


lowed starting with point B, 0.010 molal, and diluting to 0.0075 molal after 
selective adsorption. Point C' was obtained by the same steps as points A' and 
B', except that the starting and final concentrations w(tc 0.0075 molal. Point 
C" is like point C', except that one third the volume of foam was employed in 
obtaining C" as compared to C'. Point D' starts with 50 ml. of 0.005 molal 
solution, from which a full cylinder of foam was cmated and the surface tension 
of the bulk liquid measured. On increasing the concentration to 0.0075 molal 
by the addition of pure sodium lauryl sulfate to solution D', point D" is obtained. 
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Fic. 2. Effect of benzene emulsion extraction on interfacial tension 



Fic. 3. Effect of benzene emulsion extraction on interfacial tension 


Curve 3 of figure 1 was obtained from surface-tension measurements of solutions 
of sodium lauryl sulfate “contaminated’’ with 1 per cent of sodium cetyl sulfate, 
on the total solids basis. Point E' was obtained by diluting 50 ml. of a 0.01 
molal solution E to a 0.006 molal solution which had previously been used to 
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form a full cylinder of foam. Point F' was obtained by the same adsorption pro¬ 
cedure, starting from a 0.006 molal solution F. 

Curve 1 of figure 2 represents the interfacial-tension data of pure sodium lauryl 
sulfate solutions against benzene. Curve 2 shows the interfacial tension of mixed 
sodium lauryl sulfate plus 1.0 per cent of sodium heptadecane-2-sulfate (17-2) 
on the total solids basis. Curve 3 was obtained for solutions of sodium chloride 
equivalent to the sodium lauryl sulfate in curve 2, plus the same amount of 
sodium heptadecane-2-sulfate used in solutions for curve 2. Curve 4 represents 
the interfacial-tension-concentration data obtained from a 0.004 molal solution 
of the composition described above, under curve 2, which had been shaken with 
benzene and extracted as described on page 72. 

Curve 1 of figure 3 represents the interfacial-tension data for solutions of so¬ 
dium pentadecane-2-sulfate against benzene, and is substantially the same as the 
curve obtained when the 17.5 X 10"^ molal stock solution is extracted with a 
benzene emulsion. Curve 2, point A', was obtained by a threefold selective ad¬ 
sorption treatment with benzene of a solution corresponding to A. This was 
diluted further to give the other points on curve 2. 

DISCUSSION AND CONCLUSIONS 

In the cases studied it has been shown that minima in surface-tension-concen¬ 
tration curves can be attributed to the presence of two surface-active materials 
in the same solution. It has been demonstrated that at the concentrations which 
correspond to the minima in surface or interfacial tension, the relative concentra¬ 
tion of one of the components is at a maximum. This confirms the interpretation 
previously suggested in wMch the ‘^anomalies^’ in surface tension for solutions of 
mixed .surface-active electrolytes wen‘ explained as special cases of the more 
general phenomena of ‘^salt effects.Further evidence in support of this view¬ 
point is presented in figure 2 (curves 1, 2, and 3), where it is shown that the 
minimal values obtained in curve 2 are in close agreement with the values ob¬ 
tained where sodium chloride is substituted for sodium lauryl sulfate in the 
mixture (curve 3). 

For bulk concentrations of sodium lauryl sulfate above 0.01 molal where the 
minimum in surface tension can be attributed to an ether-soluble, surface-active 
non-electrolyte (curve 2, figure 1), we might consider the possibility that the 
observed decrease in surface concentration of the lauryl alcohol may be ex¬ 
plained as an effect of an increase in the solubilization of the lauryl alcohol by 
the sodium lauryl sulfate solutions. 

One point which is worth mentioning is the possible relationship between these 
surface-active properties and the bulk properties of such solutions. The coinci¬ 
dence of a break in specific electrolytic conductance ts. concentration with the 
concentration for minimal surface or interfacial tension has been considered by 
some as evidence in support of the explanation for these minima on the basis of a 
'‘critical concentration for micelle formation.” 

In the case of sodium lauryl sulfate solution, no significant difference in conduc¬ 
tance was observed between the solutions with or without lauryl alcohol in the 
concentration range where the minimum appeared in the surface-tension-concen- 
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tration curves. Both conductance curves showed the same break within the 
limit of error (± 1 per cent) of the conductance bridge. While this is only a 
fragmentary bit of evidence, it suggests that the discontinuities in the bulk prop¬ 
erties of such solutions may not always be associated with ^^anomalous^' surface 
behavior. 

In an earlier paper (1) it was suggested that the purity of all solutions exhibit¬ 
ing minima in surface-tension'-concentration curv^es was suspect. Here it has 
been demonstrated that by the application of a rather simple experimental tech¬ 
nique, it can be established that certain solutions contain two surface-active 
components. By the application of these techniques, it may be possible to 
ascertain whether any solutions for which minima have been reported are com¬ 
posed of single surface-active species. Until it has been demonstrated tliat such 
minima exist for systems which contain one surface-active component, the theo¬ 
retical significance previously attached to the appearance of minima in surface- 
tension-concentration curves must be considered as doubtful. 

SUMMARY 

1. The interfacial-tension-concentration curve for solutions of pure sodium 
lauryl sulfate against benzene shows no pronounced minimum. 

2. A solution of a mixture of pure sodium lauryl sulfate and pure sodium 
heptadecane-2-sulfate, 100 moles to 1, does exhibit a pronounced minimum in 
interfacial-tension-concentration values against benzene. 

3. The bulk concentration at which this minimum occurs and the actual inter- 
facial-tension values observed for this mixture correspond to the bulk concentra¬ 
tion where the greatest change in slope and the lowest interfacial tensions are 
observed for mixtures of pure sodium heptadecane-2-sulfate and sodium chloride 
equivalent to the previous mixture. 

4. Minima in surface- or interfacial-tension-concentration curves have been 
produced by deliberate ‘‘contamination” of solutions of pure, surface-active 
primary or secondary alcohol sulfates with a second surface-active material. In 
all cases, attempts at selective adsorption at either an air-liquid or a benzene- 
liquid interface have shown these minima to occur at bulk concentrations where 
the relative surface concentration of the minor component is at a maximum. 

5. It is suggested that the selective adsorption technique used in this work 
might be of value as a test in ascertaining whether or not any minima in surface- 
or interfacial-tension-concentration curves exist for systems supposedly contain¬ 
ing only one surface-active component. 

The author wishes to thank Mr. J. F. Gerecht for obtaining the interfacial- 
tension data which are reported here. 
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Many substances form long-chain polymers of the type A—^A—A—^A—or 
A—B—^A——^A—B— from the monomeric units A or A plus B. The bond 
A—^A or A—B may be electrostatic (hydrogen bonds as in hydrogen cyanide or 
in alcohols) or may be covalent as in the ester linkages of polyesters or the C—C 
linkage in vinyl polymers. 

In many cases the polymerization process is reversible. In the case of poly¬ 
esters or polyamides, hydrolysis can be effected by heating the polymer with 
water; in the case of polystyrene, the monomer can be distilled off at high tem¬ 
peratures; and finally, in the case of hydrogen bond association, as in hydrogen 
cyanide, the short polymeric molecules can be readily broken down into monomer 
at elevated temperatures. Inhere is evidence that in many systems both poly¬ 
merization and depolymerization arc occurring simultaneously, leading at any 
given temperature to an equilibrium distribution in polymeric sizes. 

In this paper we present the kinetics for a simple case of simultaneously 
occurring i)olymerization-depolymerization phenomena. We shall suppose 
that the polymerization process for the polymerization AAA A ... is specified 
by a bimolecular rate constant, fc/, which is characteristic of the A—^A bond but 
independent of the size of the reacting polymers. Similarly we shall suppose 
that the depolymerization process is specified by a unimolecular rate constant, 
kb, which is also characteristic of each A—^A bond. We shall assume that 
initially all the molecules are in the form of unreacted monomer. The follo\^dng 
notation is used: 

A^o = total number of moles of monomer at time ^ = 0, 

N = number of moles of unreacted monomer at any time (, 
p = extent of reaction, or fraction of the total number of reacted groups. 
No-N 
No ^ 

X == niunber of members of an individual chain molecule, 

Nx = number of moles of a*-mers at any time t, 

Nx 

'TTix = ~ = number fraction of oj-mers. 

No 

kf — rate constant of bimolecular addition, and 
kb — rate constant for unimolecular splitting. 

The differential equations for this kinetic situation assume the following form: 


dm* 


dmi 

dt 



(x = 2,3,4 ...) 


—fc/mi 23 wi. + 2h 2 

1 2 

JO Jb 

- k/tn, 23 m, — kb{x — l)m, + 2ki, 23 

1 aH-l 


( 1 ) 

( 2 ) 
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The first term in tine first equation represents Ihe disappearance of nuHunner 
by reaction with any other x-mer. The second term represents the formation of 
monmner by splitting of any x-mer, where the statistical factor 2 indicates that 
each x-mer can be split in two ways to give monomer. In the second equation 
the first term represents bimolecular formation of x-mer. (The divimon by 2 is 
necessary because is equivalent to •»»,). The second term ac¬ 

counts for the disappearance of x-mer by bimolecular addition to any s-mer. 
The third term represents the unimolecular splitting of x-mer with a statistical 
factor of X — 1, since breaking can occur at any of the x — 1 bonds. The fourth 
term represents the unimolecular splitting of any polymer higher than x-mer 
to yield x-mer. The factor 2 occurs because x-mer can be split off from a higher 
polymer at both ends. 

The solution of these equations is 


where 


and where 


m, = p*~'(l — p)* 

_ 1 _ 

K+ (K^- 1)*'* cotnh ^ - 1)*'* 

2 


It can be shown that 


jfjC = 1 -j- kh/kf 


lim p = 


hft 

2 -f- hft 


(3) 

(4) 

(5) 

( 6 ) 


which is the equation deduced by Flory (3), Dostal (2), and Chalmers (1) for 
the condensation of linear polyesters in the case where the back reaction is 
eliminated. 

When t approaches infinity, the linvit of p becomes 


1 

K +{IS* - 


(7) 


This is the “equilibrium” extent of reaction and is of course always less than 
unity when kh > 0. 

In figure 1 p is plotted as a function of the logarithm of kft for different values 
of if, i.e., for different ratios of h to ft/. It is seen from equation 7 that for large 
values of ft//ftfe, the extent of reaction p at infinite time is 


1 



It is to be further noted that the curves representing equation 4, shown in 
figure 1, exemplify a new type of kinetics which does not fall into the classical 
first, second, etc. order of reaction. 




Fig. 2. Degree of polymerization as a function of time 
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In figure 2 D.P. is plotted against the logarithm of k/t. D.P. is defined as the 
number average degree of polymerization. 

k/t _ ,^1/j « 

1 £xAr. 


K + (K* 


D.P. 


l)‘'*cotnh^^‘(/i:® - 1)*'* 


JC - 1 + (X* - 1)"’ cotnh ^ (X* - 1)*'* 


1-p 


Ex. 


( 9 ) 


From equation 9 the value of D.P, at infinite time becomes 
7)P _ K+{K*-iy>* 

■ X - 1 + (X* - 1)‘'* 

For large values of kf/kb 


( 10 ) 


A comparison of the two functions p and D.P. shows that both the extent of 
reaction and the number average chain length become appreciable only for large 
values of kj/h. Thus, when kf/h is only 4, corresponding to a p„ of 50 per 
cent, the nximber average of monomeric units per chain is only 2. If k/fh is 
20,000, corresponding to a of 99 per cent, D.P.„ is then 101. 

The bimolecular rate constant kf and the unimolecular splitting constant kt 
might be expected to depend only on the particular linkage involved in the 
polymeric bond. For example, in the case of polyesters, k/ and h are to a large 
extent determined by the ester linkage and independent of the size of the mole¬ 
cule. A thennod}mamic equUibrium constant for the linkage may be defined 
as the ratio of k/ to h. Knowledge of h and kf is sufficient to determine com¬ 
pletely the functions p and D.P., as seen from equations 4 and 9. 

The kinetic scheme presented here can no doubt be extended to the case of 
condensation reactions and catalyzed polymerization-depolymerization reac¬ 
tions. Thus far there is insufficient experimental data on any reaction of this 
type to permit a detailed application or extension of our kinetic equations. 
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INTRODUCTION 

Two characteristics of living systems vitiate the indiscriminate use of the 
elementary laAvs of physics and chemistry for the theoretical description of 
biological phenomena. One of them is the obvious structured nature of living 
cells. This unquestionably imposes geometrical constraints on the reactants; 
and so complicating factors are introduced into the interpretation of those 
physicochemical measurements (e.g., oxidation-reduction potential, equi¬ 
librium constants) which are usually taken to express tendencies of reactants 
in homogeneous systems (6). 

The other characteristic, the one which the present paper will consider, is the 
‘^open” nature of living cells. The recent work of Schonheimer (10) and his 
collaborators has emphasized that the maintenance of structural integrity in 
most biological systems involves a continuous flow of matter and energy through 
them. Thus, the time-independent state in biological systems is a “steady 
state” rather than an equilibrium (the distinction will be made precise in what 
follows). 

This fact has received increasing recognition in modem biological literature, 
but has as yet not been implemented by a sufficiently detailed analysis to be of 
much value to biological theory or experiment. For example, one would like 
to know what properties distinguish the steady state, and, if such exist, 
whether they present satisfactory" models for the kno^m properties of living 
tissue. 

Some answers to these questions have been provided by the researches of 
Burton (3), who was able to show among other things that “overshoot” and 
“undershoot” phenomena, so commonly" observed in stimulus-response curves, 
are derivable from very simple models of open systems approaching the steady 
state. Bertalanflfy (1) has recently" used essentially" the same type of analysis 
to explain the relative independence from initial conditions reported in embryo- 
logicaJ and regeneration experiments. Both of these authors, however, con¬ 
fined their attention solely to the question of mass transport and its time 
variations. 

A closer approach to biological reality would also consider the question of the 
energetics of such systems, and the properties which stem from the fact that their 
maintenance requires an energy flux as well as mass transport. Such an investi¬ 
gation, in addition to its greater generality, could also hope properly to delineate 
the r61e of thermodynamics in biology,““-a question which has received much 
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attention of late. This branch of physics,has been among the most frequently 
employed in biological theory. Thermodynamically derived laws of a special 
character^ such as the law of mass action and the van’t Hoff law, are in regular 
use. Among the most popular applications in recent years (6, 7) has been the 
* circulation of free-energy changes in attempts to elucidate the mechanism of 
energy transport. 

Unfortunately, thermod 3 mamics and most of the associated field of statistical 
mechanics are governed implicitly and explicitly by the assumptions which 
denote the equilibrium state. It is true that thermodynamics takes cognizance 
of non-equilibrium states and of irreversible changes. But for these cases it has 
only inequalities to offer instead of equations. These inequalities are not 
sufficiently restricted to permit derivation of a host of special empirical laws 
such as those mentioned in the preceding paragraph, which are derived under 
the assumption of equilibrium and strictly reversible processes. Thus all the 
most usual applications of thermodynamics are strictly not available for non- 
equilibrium states or irreversible processes. Since, however, biological states 
and processes are almost always of this latter character, it follows that the usual 
laws and results of classical thermodynamics offer little hope to biological theory. 

It is the aim of the present paper to render the needed formulations—^at least 
the more important ones—explicit. The authors have worked out many 
consequences of this formulation, and these will appear in future communica¬ 
tions. In what follows we propose to analyze the problem in as general a way 
as possible—^to indicate the paths of detailed exploration which are made avail¬ 
able by the fundamental formulae. 

CHANGES OF STATE 

Let us consider a system composed of elements such as molecules or ions. 
These elements are capable of existing in various states (e.g., those characterized 
by given energy values or a given kind of chemical combination). Let the states 
be numbered, and denote the number of particles in the state hy Ni, 

We know that in general a particle does not always remain in one state. 
Collisions, movement from one part of a force field to another, combination and 
dissociation produce changes of the states of the individual particles. As such 
changes occur, the set of numbers Ni may or may not change likewise. Denote 
the change in Ni during a given standard time interval by ANi . Denote the 
number of particles leaving the state i for the state j in the unit of time by Tij . 
Using the symbol S to denote summation over the possible values of j, we may 

write: 

Aivr, = j: Tsi - z (1) 

} i 

That is, the increase in the number in state i is the number entering it from all 
other states less the number leaving it for any other state. 

If the right side of equation 1 does not vanish, Ni is changing, and we have a 
nan-stationary state. If the right side of equation 1 vanishes, Ni does not change. 
If this is true for every i, the system is in a steady state. 
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If for every value of i andj we have: 

Tii - T,i ( 2 ) 

then also the right side of equation 1 will vanish. But this condition is much 
more special and restrictive tlian the vanishing of equation 1, and it is this 
condition which corresponds to an equilibrium state. This is what is usually 
known as the principle of detailed balancing. 

Let us illustrate by a simple example which is closely related to the biological 
problems with which we shall be concerned. Suppose a system is characterized 
by the concentration of one or more substances, which may diffuse into or out 
of the system and which may undergo chemical reaction in the system. For any 
substance, with concentration n, the rate of change of the concentration is given 
by: 

^ = (iJ. - R[) + (Ra - K) = {Rc + Ri) - (R'c + R',) (3) 

where Rc is the rate at which the substance is produced through chemical reac¬ 
tion, and R[ the rate at which it dlsappeai*s through chemical reaction; while Rd 
and Rd have the corresponding significance for the rate of diffusion into and out 
of the system. The steady state would be characterized by the vanishing of the 
right side of equation 3; physically this would mean that the net rate at which 
the substance flow's into the system equals the net rate at which it is consumed 
by chemical reaction, or that the net rate of production equals the net rate of 
outflow. The equilibrium state would demand that Rc = R[ and Rd — Rd \ 
that Is, the chemical reaction is in equilibrium, and there is no diffusion. If 
there were more than one chemical reaction into w hich the substance could enter, 
each reaction must be in equilibrium separately: e.g., Rd = Rd , Rc 2 = R*c 2 , etc. 

It is obvious from this that the steady state, as here defined, corresponds most 
closely to the characteristics of a biological sy.stem w henever it is not changing 
with time, while the equilibrium state is one w hich is likely to characterize such 
a system only w'hen it is dead. A living system is marked by a continual chemi¬ 
cal reactivity, and a continual diffusion of metabolites. 

THE DYNAMICS OF PHYSICAL SYSTEMS 

The systems in which we are interested may be characterized chiefly by 
specifying their chemical composition, their structure, and their motion. The 
first tw'o may be treated together by giving the chemical composition at every 
point of space. By motion we shall understand every form from the slow^ motion 
of growth through protoplasmic streaming and local deformation and shape change 
to gross motion through space. This may likewise be dealt with by specifying 
the vector velocity of every point of the s^’^stem. 

Especially significant from the biological point of view* are the energy relations 
of the system. An organism is the site of a continuous flow’ of energy, and of 
transformation of energy betw’een its ^’arious forms,—^thermal, chemical, 
mechanical, electrical, etc. ^Vny treatment in physical terms must give some 
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account of this and indicate how it is related to the associated motions and 
chemical transformations. 

A system of equations of the sort which is required may be found in the recent 
work of Eckart (4). However, the equations of Eckart are so expressed as to be 
most appropriate to a situation where no special distinction is made among the 
various constituents of the system, and where either no phase boundaries are 
observed, or such boundaries move on the average with all the constituents. 

Now the experimental findings of the biologist reveal a somewhat different 
situation. He always finds a phase boundary. Moreover, he finds that one set 
of components does not diffuse through this boundary, so that the movement of 
the boundary is the average movement of these substances alone. These 
non-diffusible components are in a sense permanent, and the region within the 
boundary they determine is called the cell (or the organism). 

Thus the equations of Eckart must be slightly rewritten to make them useful 
for our purposes. We shall divide the atomic and molecular species which make 
up our system into two groups: the first group consists of non-diffusible or 
permanent cell constituents, the second group is constituted of the diffusible 
constituents. We shall denote any property associated with the first group 
alone by a subscript 1, and any property associated with one species of the first 
group by a Greek letter subscript such as a. We denote a property of the entire 
second group by a subscript 2, a property of one of the species of the second 
group by a subscript . .. . A property of any species of both groups will be 
denoted by a subscript o, 6 ,.... 

Let the mass density of any species be g.cm.~^, and its average velocity 
Va cm. sec.”^ Then the average velocities of the two groups are defined by: 

2^ rriaVa — mi Vu 2^ mi = m 2 V 2 (4) 

a \ 

= X) m 2 — ^ rrii (5) 

a t 

Moreover: 

niiVi + mjVj = mV] m = mi m 2 (6) 

where V is the mean velocity of the entire system of molecules, and m the total 
mass density. It is to be remembered that in general all of the functions defined 
above vary from point to point of the system, and also vary \vith time; that is, 
they are functions of x, y, z, t. 

We define the diffusion velocity of a species of molecules as the excess of its 
mean velocity over the mean velocity of the “cell” at the given point; that is: 

i/a = F. - F, 

From this and equations 4-fi it follows that: 


( 7 ) 
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We assume the usual notations of vector analysis, including the use of V as a 
vector differential operator with components d/dx, d/dy^ d/dz. 

The time derivative d/di gives the rate of change of a function at a fixed point 
of space. We are interested, however, in the rate of change of a function at a 

given point in the cell, itself moving with velocity Vi . This rate is made up 
of the ordinary change given by the partial derivative, together with the change 
due to the motion (passage from a point of space at which the function has one 
value to a neighboring point at which its value is slightly different). We there¬ 
fore define the total rate of change, in the sense in which we are interested, by: 


d 


= ^ + 


(9) 


f’ollowing Eckart^s notation, we define the net rate of chemical reaction of a 
species by Fa in moles g.~^ sec.“^ (positive if there is net production; negative if 
there is net consumption). We can also define the reaction rate in grams cm.~® 
8ec.““^ by the relation: 

Ra = mMaVa (10) 

where Ma is the molecular weight. It will also be convenient to have a notation 
for the overall reaction rates of the groups 1 and 2: 

/?l = L Ra\ «, = Z Ri (11) 

a t 

In the present case Eckart^s eciuation 13 becomes 

= -mV-Vi - V-7 or m J = V-'Vi + - V-/ (12) 

at at m 

while his equation 15 takes the form: 

= mTa — V'Ja + Ca^'J (13) 


The quantity Ca, as in Eckart's case, is the concentration 
related to ma by: 

in moles per gram, 

rUa = mMaCa 

(14) 



The Ja and J are defined by: 



(15) 

Ja = mCaUa 


(16) 


Equations 16 and 8 yield: 
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Equation 13 may also be written for certmn purposes in the form: 

= E. - V • (mX) - m. V • F, (18) 

If we sum equation 18 over the groups 1 and 2 respectively, we obtain: 

- miV?,; R,- m,vX-vX (19) 

taking account of equation 8. 

We also require the hydrodynamical equation; but Eckart^s single equation 
for V is replaced by: 

^ ^ = VP + F - (7-V)F; mi = V-P, + "Pi - PiFi (20) 
at at 

These are easily derived in the classical manner, and brought into the present 
convenient form with the help of equations 12 and 19. P is the stress tensor 
representing the stresses acting on all the material in unit volume, including the 
hydrostatic pressure; Pi is the corresponding function for materials of group 1 

only. F and Pi are the corresponding long-range j^lus external forces, which 
for simplicity were omitted in Eckart’s derivation. They do not enter the energy 
equation, but they are necessary for the solution of equation 20. 

If the total energy per unit volume is H, we define the internal energy per 
gram, €, by: 

H - imV^ (21) 

We then obtain as in Eckart’s case: 

= (P-V)-F - v-g - 2 V (m.X) + (22) 


where q is the vector of heat flow, and 


Ma = 


d€ 

dCa 


(23) 


is the well-known chemical potential of the species a. 

Following Eckart^s derivation, we can write the entropy equation: 


mS 


^ = (P.V).Fi + (P-V)-T7 + pV-F, - Z mi^aVa 


— 2 + (« + pv — 2 liaCa)V'J (24) 


where 6 is the absolute temperature and rj is the entropy per gram. Defining 
the Gibbs free energy as usual by 


4 ' = € — 


( 25 ) 
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cme can obtain after some elementary rearrangements the relation: 


m 


(K e* 'cK e 


l^-pV Fi + S M»r- - Z 

+ (2>i«C« - pt;)v-jl 


(26) 


The equations which we have obtained so far hold inside the cell; or, if we 
consider heterogeneities of the cell, equations of this form hold inside each 
phase. Ouiside the cell we have a similar set of equations; however, they in¬ 
volve only quantities pertaining to group 2, under our assumption that quantities 
of group 1 never leave the cell. However, in the case of cells of an organism, 
bathed by tissue fluids containing non-difTusible elements (serum proteins), 
there would be a similar group 1 for the exterior phase, but in general composed 
of different species of molecules. 

At the surface of the cell (or, more generally, the surface of each distinct 
phase) certain boundary conditions must hold; these, together with initial 
conditions, will determine the solutions of the differential equations governing 
the system. 

One such set constitutes the boundary conditions of the diffusion problem; 
they will have the form: 

mcj\ = rmJJa = 0 (27) 


at the boundary, where J,, is the flux of the species across unit area of the 

surface. This generally is of the form (9): 

— 1 -^ 

the subscript s denoting the surface values, primes denoting the external medium, 

and n being the external normal to the surface. 

There is a set of boundary conditions for the h 3 ’’drodynamical equations also. 

The stresses P and Pi are in general functions of T", Vi , and their space deriva¬ 
tives. The boundary conditions assert the equality of these functions, evaluated 
at the surface, with the externalh*^ imposed stresses at the surface; that is, they 
are of the form: 

P(ri, 1^2, VTi, Vlt) = P. (29) 

at the boundary, and similarly for Pi. 

It seems advisable, for the present, to treat g as an empirically given quantity; 
for the attempt, in the general case we are treating, to set up a heat conduction 
equation as for the simpler case usually treated leads to diflSculties. These 
arise from the fact that increment of internal energy is in general not uniquely 
separable into increment of heat content and increment of potential energy—at 
least, not without making more detailed hypotheses of a molecular character, 
which in this discussion we shall eschew. 
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Another equation obtainable from the foregoing considerations is that ot the 
surface of the phase. Suppose that this surface were given by the equation: 

S(x, y, 2 , <) = 0 (30) 

It would follow that: 

^ = = 0 (31) 

This relates S to the solution of the two equations in 20. Solving them simultane¬ 
ously, we obtain a function which expresses the shape of the cell at every moment, 
and ^i^ch, as is obvious from equation 20, depends on the forces acting and on 
the metabolic rate. 

We can also write two equations which are of particular interest in connection 
with the problem of growth. Consider any phase or region whose total mass is 
M and whose total volume is Fo. We then obtain by the use of equations 9 
and 12: 

^„ dr - -/ 7.;rd.. -/ v.7d, (32) 

In the above, dr denotes the element of volume and da the element of area of the 
bounding surface of the region; the integrals are taken over the volume and 
surface of the particular region being considered. For the case of a region 
sufficiently small and homogeneous, these equations may be written in a special 
approximate form which will be of use: 

^ = ^J.S^ ~FoVV (34) 

^ = VuS = FoVFi (35) 

Here S denotes the total surface area of the region, while J, and Ft, denote the 
magnitudes of the normal components of the corresponding vectors at the 
boundary of the region, assuming these values to be the same everywhere on 
the boundary. 

DISCUSSION 

Let us begin by considering the interpretation of some of the terms which 

appear in our fundamental equations. The expression V • Fi receives an obvious 
interpretation in view of equation 35, as the fractional rate of volume change of 
any small region in which it has a constant value. Similarly by equation 34 we 

may interpret V-J as proportional to the rate of increase of total mass in such a 

region. The reader will easily satisfy himself that V-J® has an analogous 
interpretation for the molecular species a. 
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Thus on the right side of equation 12 the first term represents the rate of 
decrease of density due to expansion without change of material content, while 
the second term represents the rate of increase of density due to material influx. 
Similarly we may interpret the terms of equation 13: the first term is the increase 
of moles i>er gram of species a due to chemical reaction; the second term is the 
rate of increase due to diffusion of species a molecules; the third term is the rate 
of decrease of the moles per gram due to total entry of material of all species, 
and represents a dilution effect, due to the dimensions of the quantity c* . 

Turning to equation 20, the first two terms of the right side are obvious as the 
forces due to the viscous stresses plus the long-range forces. In the first of these 
equations, the third term represents the effect of diffusion in bringing momentum 
into a given region of the cell. 

Turning to equation 22, the first term represents the rate at which mechanical 
energy (i.e., kinetic energy ^mV^) is dissipated by the viscous forces. The 
last term again represents a dilution effect, the rate of decrease due to material 
influx. 

In the entropy equation (equation 24), the first two terms on the right side cor¬ 
respond to the first term of equation 22; here the viscous dissipation is split 
up into the dissipation due to the mass motion of the cell and the dissipation 
due to diffusion. The third term represents the work done in volume expansion 
against the hydrostatic pressure p. The fifth term gives a diffusion contribution 
to entropy of a different kind from the second term; it represents the effect of 
equalization of concentrations or chemical potentials. The last term is again 
a dilution term. This Is most readily seen if one defines the f potential of Gibbs 
as usual by: 

f = € + py — 017 (36) 

The usual transformations of classical thermodynamics then yield: 

r = 2Mara (37) 

Combining equations 36 and 37, we find that the coefficient of V / is simply 

equal,to drj. In a similar way the coefficient of V / in equation 26 is shown to be 
equal to 4^. 

Eckart has given axliscussion of equilibrium conditions in his paper. We may 
therefore go on to consider the nature of the steady state. A system is said to 
be in a steady state when the rates of change of the variables of state vanish. 
In our case this applies to the derivatives A/At, not d/dt, since we are interested 
in the cell and its parts, not in arbitrary axes fixed in space. From the funda¬ 
mental equations (equations 12, 13, 18-20, 22, 24, 26, 32, and 33) it is obvious 
that intermediate conditions are possible. That is, the time derivatives of some 
variables may vanish while those of others do not. Such conditions might be 
referred to as quasi-stationary, or stationary with respect to a given set of 
variables. 

If € is a function of state, obviously its rate of change must vanish when the 
variables of state are stationary. The converse, however, is not necessarily true: 
it is clearly possible to have a stationary value of the energy with non-stationary 
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variables of state, provided their variations are such as to cancel out in their 
effects upon the energy. However, in such a case a relation among the ratee 
of change is imposed. For if in equation 22 we expand the third term on the 
right by the identity: 


V • {fiaJ c) — J a' V/Xo "f" a 


(38) 


we may then introduce the rates of change of the molar concentrations by using 
equation 13. Setting the right side equal to zero now gives a relation between 
these rates and the other functions characterizing the system. 

What it is customary to call weight growth and volume growth are easily 
defined in terms of equations 34 and 35, respectively. But if either of these 
expressions vanishes while the other is positive, and the results are applied to 
such equations as 18 and 19, it is evident that the conditions are not sufficiently 
restrictive to determine the remaining quantities, and only give rather general 
relations between them. Thus our analysis shows that the concept of weight 
growth and volume growth is not adequate to determine mechanism. 

From equations 32 and 33 it is obvious that constant mass and constant volume 
are perfectly compatible with mass and volume changes in different parts of the 
cell or organism considered, the changes being merely restricted to compensate 
each other. A closer examination of the possibilities permitted by these restric¬ 
tions should throw light upon the proceases of differentiation, for this property 
is essentially definable in terms of the relative magnitudes of the densities of 
different components at different regions of the cell. It seems likely that similar 
considerations should permit a precise treatment of the concept of organization, 
in a rather more general way than that suggested by Rashevsky (8). 

Another point worthy of note is that the right-hand sides of equations 32 and 
33 are given by solutions of equation 20, which involve Ri. We thus obtain an 
implicit relation betw’een growth rate and metabolic rate. In a similar way 
equation 31, together with equation 20, gives the change of cell shape in term.s 
of metabolic rates and volume forces. 

When we introduce the energy and entropy equations, further restrictions are 
found in addition to those obtainable from the mass equations alone. Thus any 
one of the special cases considered above introduces certain relations among the 
quantities appearing in equations 22 and 24. * 

In particular, it seems plausible to use equation 24 or 26 as a measure of degree 
of organization. It should be noted that, accepting the Second Law’ of Thermo¬ 
dynamics, it is still true that the entropy must increase or be stationary only for 
a closed system. The cell is not such a system, and it is not only plausible but 
almost necessary to assume that it may deomse its entropy at the expense of 
its environment (despite the objections made by Borsook (2), w’hich are based on 
equilibrium thermodynamics). Moreover, since equation 24 holds for every 
element of volume of the cell, it is quite conceivable that the entropy of the cell 
as a whole may increase, and yet the entropy of certain portions of the cell may^ 
at the same time be decreasing. 

It is of interest to consider a condition of the organism in w^hich the entropy 
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is stationary or increasing, and to simplify by neglecting momentarily such factors 
as mass motion, diffusion, and heat flow. That is, in equation 24 we would have 
left essentially only the term — 2m/i«ra . Suppose now that a synthesis of 
structural components or of storage material takes place; this would give one 
or more terms with positive reaction rates and probably fairly large values of 
the chemical potentials. If the entropy is to remain stationary or increasing, 
it is then necessary that other terms shall enter representing the breakdown of 
some high-energy material at an appropriate rate. This would correspond 
precisely to the often-discussed energetic coupling of catabolism with synthesis, 
in which, for instance, the oxidation of carbohydrate would furnish energy for 
the synthesis of protein. ^ 

We may now consider some of the other terms. The term -V-q represents 
the net rate of heat influx into the system; evidently such a process might also 
compensate for the entropy decrease necessitated by certain syntheses. The 

fifth teim of equation 24 may also contribute, for in general the vector Ja is in a 
direction not exceeding 90° from — V^a (in the simple Pick’s Law case the two 
are, in fac^t, in the same direction). Thus flow of material along the gradient of 
its chemical potential produces an increase of entropy\ The limitation upon this 
as a compensation for synthetic reactions is imposed by the relative magnitude 
of diffusion velocities and potential gradients as compared with reaction rates. 
The reaction rates of certain protein syntheses, for instance, are sufficiently slow 
so that it may be possible for diffusion and heat flow alone to compensate for 
them. On the other hand, the relatively more rapid resynthesis of glycogen in 
muscle after a contraction may be too fast for such processes, and this may 
account for the accompanying oxidation processes. 

The discussion of the energy and entropy equations suggests the solution of an 
exceedingly important aspect of the stationary state. Most of the reversible 
reactions in the cell proceed at a finite rate and are rarely, if ever, found at 
equilibrium. In terms of classical thermodynamics this would make no sense; 
the free-energy^ change of such a reaction, as calculated from the heat and 
entropy changes, does not agree with that which we would calculate from the 
concentrations if we assumed the existence of equilibrium. But from our 
fundamental equations it is clear that non-vanishing of any or all of the Ra is 
consistent with the stationary state, both materially and energetically. It is 
obvious also that this imposes certain definite restrictions on the other functions 
of the system; for any given case which one may choose to consider, these restric¬ 
tions may he obtained from the fundamental ecjuations. 

Another important range of topics which can be treaWd comprises those 
phenomena often referred to under such names as “adaptation”. Here we ask 
for the behavior of our system when a discontinuous change occurs in one or 
more of the parameters. Thus, we may investigate what happens when a new 
group of enzymes comes into play as at the fertilizaiion of an ovum. Taking a 
preceding stationary state as the initial state, we study the variations of the 
functions of the system with time, and find in what manner the new stationary 
state is approached. 
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Even in the steady state, we have to solve a system of simultaneous partial 
differential equations before the system is completely determined; and the solu¬ 
tion of the non-stationary forms presents a mathematical problem of great 
complexity. Approximate solutions have been found in a number of special 
cases which are of biological interest; the presentation of the details of these is 
reserved for succeeding communications. 

SUMBfARY 

A mathematical description of the energetics as well as the mass transport of 
non-stationary systems of the kind encountered in biological phenomena has 
been formulated, including the stationary but non-equilibrium state as a special 
case; Those general properties of this formulation which are of biological interest 
are discussed. 
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The rates of drainage of liquids through foams have been mentioned in several 
papers dealing with the measurement of foam properties (1,2,3,5). Frequently, 
a relationship has been postulated between foam drainage rates and foam coales¬ 
cence. In previous reports, the types of foams measured were often hetero¬ 
geneous with respect to bubble size, and sufficiently unstable so that coalescence 
of bubbles occurred during the course of the experiments. In order to avoid 
such variables, we have studied some of the flow characteristics of liquids through 
foams of relatively uniform bubble size and of sufficient stability so that no 
appreciable coalescence occurred when the measurements wrere made. 

Our present study has been restricted to the determination of rates of liquid 
flow through foams as a function of the amount of liquid held in the foam with 
the liquid uniformly distributed throughout a column of foam at constant tem¬ 
peratures, and to an investigation of some of the effects of varying temperatures, 
bulk and surface viscosity, and bubble size. Some typical measurements of 
drainage rates in homogeneous stable foams have also been made. 

V EXPERIMENTAL 

Procedure 

Rate of flow of liquid through foams of uniform liquid concentration: The drainage 
apparatus (figure 1) Avas filled with foam by passing filtered air which had been 
preheated to the temperature of the bath by a metal-coil heat exchanger, which 
is not show n in the diagram. As soon as the column was filled with foam, the 
solution at the same temperature was introduced at the top of the column at a 
fixed rate. This rate was measured directly by taking the time required to 
collect a known volume. The outlet tube (D) was adjusted to maintain the 
foam-liquid interface at a coastant level. When this rate became constant, 
the volume of liquid in the foam w^as obtained by stopping the flow' at the inlet 
tube and draining the column of foam. 

In some eases the electrolytic conductivity through the foam was measured 
Avith a CO-CA^cle conductivity bridge^ with a precision of zk 1 per cent. A linear 
relationship betAveen the amount of liquid held and the conductance Avas found 
on calibrating solutions containing 1 per cent of sodium sulfate and the foam- 
stabilizing constituent. On this basis, the conductivity could be used to deter¬ 
mine Avhen the Aolume of liquid in the foam reached a steady state as Avell as 
the amount of liquid in the foam. The A oliune of the foam column was 295 cc. 

^ Presented before the Division of Colloid Chemistry and the Division of Physical and 
Inorganic Chemistry at the 108th Meeting of the American Chemical Society, New York 
City, September 13, 1944. 

* Industrial Instruments conductivity bridge, model RC.IB. 
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and the cell constant was 3.5. When the volume of liquid in the foam was meas¬ 
ured directly, no addition of sodium sulfate was made. 



Fig. 1. Foam drainage apparatus 


R(de of drainage of liquid from foams: The drainage of liquid from the foam 
was started when the column contained a uniform concentration of liquid 
throughout. The flow of liquid into the foam was stopped, and the drainage 
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rate followed by weighing fixed increments of liquid on a torsion balance. Fol¬ 
lowing these rates by weighing the liquid is more precise than by making volume 
measurements. 

Measurement of bubble size 

The rate of flow of air through the orifice (0.15 mm. diameter) was determined 
by measuring the time to fill the column with foam. As before, the volume of 
liquid in the foam was obtained by draining the foam. The difference between 
the volume of the column and the liquid held gives the gas volume. The volume 
of the bubbles was obtained by collecting bubbles made under the same condi¬ 
tions as above in a conical vessel containing the solution, for a short period of 
time. The bubbles at the suiface of the liquid were collected within an inverted 
petri dish provided with an opening on the periphery. The petri dish was 
placed about i in. below the liquid level. The bubbles could be slowly released 
through the opening and counted by tilting the petri dish. 


MATERIALS 

The sodium lauryl sulfate was prepared by a method previously described (4). 
The lauryl alcohol was purified by distillation. Syntex M is a commercial 
preparation consisting of the sodium salts of sulfated monoglyceride and sodium 
sulfate. Igepon T is a commercial preparation for which the following formula 
is given: Ci7H38C0N(CHa)C'2H4S08Na. This product also contains sodium 
sulfate. 


RESULTS 

Rate of flow of liquid through foams: Figure 2 shows three typical curves for the 
rate of flow of liquid through the foam against the volume of liquid held in the 
fpam. The solutions were chosen to cover a range of rates of flow for comparable 
amount.s of liquid in the foam. The open and solid circles indicate two separate 
runs with 0.25 per cent Igepon T solution and indicate the extent of reproduci¬ 
bility 'which was obtained. 

If the logarithms of the two \'ariables of the above data are plotted against 
each other, the points fall on a straight line (figure 3) and this leads to a rela¬ 
tionship of the form 

y = ax^ (1) 

where y = rate of flow of liquid through the foam (cubic centimeters per minute), 
X = volume of liquid in the foam (cubic centimeters), and “a” and are 
constants. The following equations were obtained for three solutions tested: 


0.25 per cent sodium lauryl sulfate. 

0.1 per cent sodium lauryl sulfate -h lauryl alcohol.. 
0.25 per cent Igepon T solution. 


y « 0.24x1 
y » 0.06x1 
y 0.42x1 6 


Rate of drainage of liquid from foam: A series of curves for the rates of drainage 
of solutions of 0.25 per cent sodium lauryl sulfate and 0.1 per cent sodium lauryl 
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sulfate + lauryl alcohol were determined, starting with various fixed amounts of 
liquid in tiie foam. The data for a typical experiment for each solution ate 
shown in figure 4, where the volumes of liquid left in the foam are plotted as a 
function of time. 



As a much simplified approximation, let us consider the rates of flow in these 
drainage experiments analogous to the drainage of a liquid in a vertical capillary 
tube. * 

If X = the height of the liquid in the capillary at time t, and s the capillary 
rise due to surface tension, from Poiseuille’s law we have: 
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where 


cb 


dL 


dgr* 

8ti (L-8) 


( 2 ) 

(3) 



kt^ (L - Lo) + 8 In ^- - (4) 

(L - Lo)irr* = r - t;o - (5) 

where F = volume of liquid left in the foam at time t, Fo = initial volume of 
liquid, and Fa = volume of liquid drained. 



Fig. 3. Log cubic centimeters of liquid in foam versus log rate of flow of liquid through 
foam. 

When s is small compared to L, 

sin (L — s) = sin L (6) 

and Lo — s == constant. 

Collecting all the constants in equation 4, this leads to an equation of the 
form 


kt = + a log + 6 


(7) 
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To test whether the data conform to such an approximate equation, a value 
of a was estimated from three points on the curve (figure 4) and then (F + a 
V) plotted against i (figure 6). The points fall reasonably well on a straight 
line except for the lower and extreme upper portions of the curve. The data for 


TIME IN SECONDS 



the two runs shown in figures 4 and 5 are typical of a series of ten experiments. 
This equation is merely a first step in considering the drainage characteristics of 
the foams tested, since the analogy to flow of a liquid in a tube would be expected 
to have limitations for foams* 

From figure 5 the following equations are obtained for the curves shown in 
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figure 4: for the 0.26 per cent sodium lauryl sulfate solution where Vo = 6.9 cc., 
V — 21.7 log V + 10.8 = 0.138^; and for the 0.1 per cent sodium lauryl sulfate 
solution + lauryl alcohol, where Vo = 25.3 cc., V — 27.6 log V + 18.2 — 
0.057/. 


Electrolytic conductivity as a function of liquid in foam 

In figure 6, the values of the electrolytic conductivity, 1/ii, corrected to 20°C., 
are shown against the volume of liquid in the foam for 0.25 per cent Igepon T 
solution + 1 per cent sodium sulfate. Each point on the line corresponds to a 
constant rate of flow and the direct measurement of the liquid held by the foam 
after stopping the flow of liquid into the column. 


V+aLOG V 



The hulk viscosities of the solutions used in the drainage and flow rate experi¬ 
ments with foams are given in table 1, as determined with an Ostwald viscometer. 

Figure 7 sho\vs sections of cui ve-s for the rate of flow of liquid as a function of 
the volume of liquid in the foam for 0.1 per cent sodium lauryl sulfate in 1 per 
cent sodium sulfate at 20°, 30°, and 40°C. and for 0.1 per cent sodium lauryl 
sulfate in 1 per cent sodium sulfate with gl 3 "cerol added to make the bulk viscosity 
1.78 centipoises at 25°(\, and for 0.1 per cent sodium lauryl sulfate + lauryl 
alcohol at 25°C. The last solution has a bulk viscosity ot l.lfi centipoises at 
25°C., a value which is considerably lower than the solution containing glycerol, 
but the flow ratejf^ through the foam are as much as 30 per cent low(ir. 

The rates of flow are shown in figure 8 for 0.25 per cent Igepon T at 10°, 
20°, 30°, and 40°C. and for 0.25 per cent solutions of commercial sulfated coconut 
oil monogl.yc‘eride. The bulk viscosities of these two solutions are the same (within 
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if X 10^ MHOS 



Fig. 6. Electrolytic conductivity versus volume of liquid in foam 


TABLE 1 

Bulk viscosities of solutions (in centipoises at temperatures given) 


SOLUTION 

10"C. 

20-C. 

25*c: 

28®C. 

29"C. 

J0"C. 

3rc. j 

40*C. 

0.25 per cent Igepon T (figures 2 
and 3). 







0.81 


0.25 per cent sodium lauryl sulfate 

(figures 2 and 3). 

0.1 per cent sodium lauryl sulfate 4* 
lauryl alcohol (figures 2, 3, 4) ... 
0.1 per cent sodium lauryl sulfate 4 

lauryl alcohol (figure 7). 

0.1 per cent sodium lauryl sulfate 4 

1 per cent sodium sulfate (figures 

7 and 9). 

1.32 

1.01 

1.16 

0.85 

0.83 

1.42 

0.81 

0.82 

0.82 

0.80 

0.67 

0.67 

0.67 

0.65 

0.25 per cent Igepon T 4 1 per cent 
sodium sulfate (figures 8 and 9). .. 
0.25 per cent Syntex M 4 1 per cent 
so^um sulfate (figures 8 and 9).. 
Water*. 

1.31 

1 1.32 
1.31 

1.01 

1.02 

1.01 

0.89 

0.84 

0.82 

0.78 



* laternational Critical Tables, Volume V, page 10. 
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1 per cent) at any given temperature (see table 1), but the rate of flow through 
the foam, for 30 cc. of liquid held in the foam at 20®C., is about 62 per cent lower 
for the Syntex M solution than for the Igepon T solution. In figures 7 and & 



Fkj. 7. llato of flow of liquid through foam 

only sections of the rate curves have been measured to show the greatest differ¬ 
ences in flow rates. 

Temperature effect on rate of flow of liquid through foam 

Figure 9 indicates the rate of flow of liquid for several of the solutions at two 
fixed amounts of liquid held in the foam at tempeiatures from 10° to 40°C. 
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Effect of bubble size on rate of flow of liquid through foam 

AP indication of the effect of changing the bubble size is shown by following 
the rate of flow of liquid through foams made with 0.1 per cent sodium lauryl 
sulfate + lauryl alcohol. This is shown in figure 10. The large bubbles which 
were made under the same conditions as in the other experiments referred to 
were made at a rate of flow of air of 45.9 cc. per minute and had a volume of 
0.017 cc. per bubble. The smaller bubbles were prepared at a rate of air flow 
of 2.95 cc. per minute and had a volume of 0.0026 cc. per bubble. 


FLOW IN CC. PER MIN. 



Fig. 10. Rate of flow of liquid through foam for two sizes of bubbles 

DISCUSSION AND CONCLUSIONS 

The rate of flow of liquid through foams of relatively uniform bubble size 
can be expressed by an equation of the form y = ax^, where y is the rate of flow 
of liquid through the foam, and x is the volume of liquid in the foam. 

The rates of drainage of liquid through foams can be approximated by an 
equation of the type obtained from considering the analogous but much simpli¬ 
fied flow of liquid in a vertical capillary. This type of equation holds fairly 
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well for a scries of experiments starting with various amounts of liquid in the 
foam. The analogy is not to be considered rigorous, since for the flow of licjuid 
through a foam there are limitations not involved in the flow through a single 
capillary of fixed dimensions. The foam network apparently is a series and 
parallel arrangement of flow channels. During foam drainage the effective 
radius of the flow channels changes, and such changes would be included in a 
change of the equivalent height of liquid in a capillary. We do not consider 
that the approximate equation gives a sufficient description of the drainage 
characteristics of the foams studied, but it may be useful as a first approach to 
such properties. 

Differences in the rates of flow of liquid through a foam in figure 7 show a 
progressive decrease in the rate of flow for a solution of 0.1 per cent sodium lauryl 
sulfate containing 1 per cent sodium sulfate when the temperature is changed 
from 40° to 30° to 20°C. This may be explained by the higher bulk viscosity of 
the solution at the lower temperature (table 1). When the bulk viscosity is 
increased by using glycerol in the solution, a corresponding decrease in the rate 
of flow is obtained. On the other hand, when lauryl alcohol is added to the 
solution of sodium lauryl sulfate, the bulk viscosity of the solution (1.16 centi- 
poises at 25°C^) is still less than that of the solution containing glycerol (1.78 
centipoises at 25°(\), but the rate of flow of liquid through the foam is decreased. 
In this case the decreased flow is attributed to increased surface viscosity of the 
liquid at the interface. 

The same kind of differences is indicated for solutions of Igepon T and Syntax 
M (figure 8), where the bulk viscosities are the same (within 1 per cent) at a 
particular temi>erature. The relatively slower flow for the Syntex M solution 
is again due to the higher surface viscosity for this solution. 

Wlien the other factoi’s arc the same, the position of the curves may be con¬ 
sidered to be determined by both the surface as well as the bulk viscosity. Con¬ 
sequently, if two solutions with the same bulk viscosities have the same flow 
curves through the foam, the surface viscosities are probably the same. 

The temperature effects on the flow rates (figure 9) have been shown to vary 
considerably for different solutions. In the range from 20° to 30°C., there is a 
sharp increase in the flow rate for the solution of Syntex M with added sodium 
sulfate where surface viscosity is relatively high, when compared to solutions of 
sodium lauryl sulfate and Igepon T with added sodium sulfate. It appears that 
differences in flow characteristics through foam are more pronounced at lower 
temperatures. 

It has been seen that decrease in bubble size will decrease the rate of flow 
of liquid through the foam, and these changes become relatively greater at 
higher rates of flow or larger amounts of liquid in the foam. For two bubble 
sizes whose volume ratios were about 6.5 to 1, the rates of flow differed by as 
much as a ratio of 2.5 to 1. This emphasizes the importance of maintaining 
uniform bubble size. 

From these data, it seems that methods of evaluating foam stability (1,3, 5, G) 
entirely from observations of relative foam drainage of liquid are not generally 
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valid and can be misleading for several reasons. The rate of flow of liquid 
through foam is influenced by the sise of the bubbles and the bulk and surface 
viscosities, so that relative drainage rates do not evaluate foam stability under 
the same conditions, when the bubble size is not controlled or is changing in 
an unknown way, or if the surface and bulk viscosities vary. Foam drainage is 
analogous to the creaming of an emulsion, which is not a measure of‘emulsion 
stability. Similarly, drainage rates of liquids from foams cannot be considered 
as an indication of relative foam stability. Furthermore, in order to interpret 
relative foam drainage rates when breakdown occurs, it is desirable to know the 
flow characteristics of the foams when breakdown does not take place. 

A .number of foams drain completely to “black’^ films without breakdown, 
and these foams may be wetted again by allowing the solution from which they 
were formed to flow through them. Other foams show marked coalescence long 
before drainage is complete. Foam drainage can be a prerequisite, but is not 
necessarily sufficient to lead to foam breakdown. 

In a recent paper, A. P. Brady and S. Ross (2) liave mentioned some of these 
limitations which preclude the use of foam drainage data as a guide to foam 
stability. However, their treatment presumably does not include those cases 
where surface viscosity is an important factor. 

From these considerations, it is evident that measurements of foam drainage 
alone cannot be interpreted in terms of foam stability. For example, if we know 
that two foams both break down on draining, then the drainage rates may be 
considered as a function of relative stability only providing the critical thickness 
for coalescence and collapse arc the same in both cases. We do not agree with 
Arbuzov and with the earlier papers of S. Ross and others (1, 3, 5, 6) that the 
rate of foam drainage in general can be interpreted in terms of foam stability, 
unless other specific information concerning the stability of the foam is utilized. 

SUMMAKY 

1. The flow characteristics have been studied of licjuid in foams of i*elati\ ely 
uniform bubble size and uniform liquid concentration without concomitant foam 
breakdown. 

2. The rates of drainage of liquid from these foams have been measured and 
shown to approach an approximate simplified equation cori’esponding to liquid 
flow in a vertical capillary. 

3. The rates of flow of liquid through these foams have been measured as a 
function of the liquid held in the foam. An empirical eciuation in accord with 
these data is given. 

4. The rates of flow of liquid through foams decrease with increase in both 
surface and bulk viscosities as well as for smaller bubble sizes. 

5. Differences in flow characteristics through stable foams are more pro¬ 
nounced at certain temperatures. 

6. Attempts to evaluate foam stability from foam drainage rates which have 
been reported in the literature are not considered generally valid. 
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THE SIGNIFICANCE OF THE CONTACT ANGLE IN RELATION TO 

THE SOLID SURFACE 

DANIEL C. PEASE 

The Hopkins Marine Station of Stanford University^ Pacific Grove^ California 
Received March 4, 1944 

Contact-angle measurements have been a major experimental approach to 
many problems concerned with the solid'-liquid interface. The well-know’n 
relation of contact angle to “work of adhesion^* was developed by Dupr6 in 
1869 (2), on the basi.s of the earlier work of Young in 1805 (4). Young put 
forward the relationship 

WsL = 7l^( 1 + cos d) 

where V^ sl is the work of adhesion betw'een solid and liquid, jla is the surface 
tension of the liquid-air interface, and 0 is the contact angle of the liquid and 
solid. 

There are, how’ever, three different contact angles which can be measured. 
Bartell and his group in recent yeai’s have developed particularly refined tech¬ 
niques for determining “advancing’^ and “receding^^ contact angles (for the 
literature, see reference 1). Fundamentally these are the same angles as are 
measured when the solid surface is very carefully advanced or removed from the 
fluid. Their reality has been established, and each is entirely specific for any 
system in question. In addition, there is the '^equilibrium’’ contact angle, 
ordinarily having an intermediate value. Techniques for the measurement of 
the latter are less refined but, in the author’s experience, measurements are 
reproducible wdthin db2°, using essentially the method of Nietz (3). In this 
procedure a coated plate is simply inclined until the air-liquid interface is 
perfectly plane, and the angle Ls recorded directly. Slight jarring or vibration 
is necessar}’' to be sure that the air-liquid interface slips over the solid surface 
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(from the advancing or receding position) and assumes the equilibrium position. 
A little experience will convince anyone of the reality and specificity of such a 
measurement, which is also a constant of any given system. 

The question at once arises as to the significance of these three measurable 
entities. How are they related to the work of adhesion and the wetting charac¬ 
teristics of the solid? Apparently no one has questioned the meaning of Young's 
equation, although there has been some debate about which angle should be 
used to calculate the work of adhesion. It is the author's thought that the real 
significance of contact-angle measurements has been overlooked, and that the 
overall mean work of adhesion cannot be calculated from any one of them. 

It is perfectly legitimate for our purposes to regard most solid hydiDphobic 
surfaces as being mosaics of polar and non-polar groups, arranged with regularity 
on a crystal face, and with a statistical distribution on an amorphous solid surface. 
The air-liquid interface in contact with the solid is very nearly a one-dimensional 
system. The junction is really a line of tension acting on the fluid surface. It 
is affected by the properties of the different groups of the solid surface which the 
line happens to cross. Any work of adhesion calculated from the contact angle 
vdll be a mean value of different tensions which are arranged linearly. The 
component parts of a simple system would include the works of adhesion of 
polar groups, Wp , and non-polar groups, Wnp , applied over the relative linear 
distances or lengths each type of group occupies along the line of the three-phase 
junction, Lp and L„p , respectively, so that 

WsL = WpLp + WnpLnp 

However, the three-phase line of junction might assume an infinite number of 
parallel positions on the solid surface. In so doing, it could ordinarily cross a 
varying number of polar and non-polar groups, depending upon the particular 
surface configuration of the solid. Varying mean worLs of adhesion would result 
from these different possible positions. 

When the air-liquid interface is in equilibrium with the solid surface, the mean 
work of adhesion. We , must be an expression of a minimal energy value. The 
mean work of adhesion will then be as low as the configuration of the solid surface 
allows, and the contact angle will tend to be large. These conditions will be 
realized when the three-phase junction line passes across the largest possible 
number of non-polar groups, and avoids as many polar groups as possible. 
Then LpfLnp is as small a fraction as can be in accordance with the distribution 
pattern of groups on the solid surface. Thus the application of Young's equation 
to the equilibrium contact angle is not at all a measure of the overall mean w^ork 
of adhesion between solid and liquid. Instead, We is the smallest possible mean 
work of adhesion that can exist along any one of many possible parallel lines 
that might be drawn across the solid surface. 

When considering the receding contact angle we are dealing with a wet surface 
that must be swept dry. Work must be applied to overcome the maximum 
mean work of adhesion, Wr , that can exist along any parallel line that the 
air-liquid interface can assume. When the work applied equals Wr , the inter¬ 
face begins to move. The same general relationship holds for Wr as for We 
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above, but with this fundamental difference,—that now Lp/Lnp is as large a 
ratio as can exist in conformity with the configuration of the solid surface. As 
LpILnp is increased, so, of course, the mean work of adhesion is increased while 
the contact angle is decreased. We see that the application of Young’s equation 
to the receding contact angle measures the largest possible mean work of adhesion 
along one of many possible parallel lines. 

To advance the air-liquid interface, work must be applied to wet the solid 
surface unless the work of adhesion is at least equal to the work of cohesion 
(when the contact angle is 0°). The work applied will have to overcome the 
greatest possible mean resistance. The resistance to movement will equal the 
difference between the work of cohesion, Weo , and the work of adhesion. The 
resistance will be greatest when the mean work of adhesion is minimal, We . 
Thus the applied work must equal Weo — We . The application of Young’s 
equation to the advancing contact angle would give the numerical value of this 
expression. 

It is to be noted that when a mixed solid surface in contact ^vith water is 
being dealt with, the hydrophobic groups of the solid surface play a major role 
in the determination of the equilibrium and advancing contact angles, while 
hydrophilic groups dominate the picture in considering the receding contact 
angle. 

In actual practice, certain correction factors would be obvious. One would 
rarely, if ever, be dealing \dth as simple a solid surface as has been postulated. 
Also, we have considered the three-phase junction as a one-dimensional system, 
a procedure which is not strictly accurate. A complex correction would be 
necessar>" to take into account forces acting over molecular distances. 

From these formulations one conclusion seems outstanding. The overall 
mean work of adhesion between liquid and solid cannot be determined by con¬ 
tact-angle measurements except, perhaps, in a few very special cases. The 
fundamental difficulty is that the line of junction of the three phases is essentially 
a one-dimensional system. The mean work of adhesion can and will vary with 
the various possible parallel positions of that line on the solid surface. 

SUMMARY 

Since ‘'work of adhesion” values may be calculated from equilibrium, receding, 
and advancing contact angles of an air-liquid interface in contact with a solid, 
it has been deemed advisable to consider what these values really signify. It is 
emphasized that the junction of the air-liquid interface with the solid surface is 
fundamentally a one-dimensional system. This line of junction can occupy 
various possible parallel positions on the plane of the solid surface, and different 
positions allow different mean works of adhesion depending upon the configura¬ 
tion of the different groups exposed on the solid surface. 

The equilibrium contact angle is related directly to the line of least possible 
mean work of adhesion that the three-phase junction can assume. 

The receding contact angle is related directly to the line of greatest possible 
mean work of adhesion. 

The advancing contact angle is dependent upon the greatest possible amount 
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of work necessary to wet the solid surface. This, in turn, is inversely related to 
the least possible mean work of adhesion. 
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INTRODUCTION 

The classification of stable nuclei, that is, their division into sequences with 
common physical characteristics, has not been suggested for species throughout 
the entire range of mass numbers. Considerable work of this kind has, however, 
been done for nuclei of mass numbers less than 40, since the pertinent data are 
known mainly for light nuclei (12, 13, 70, 71). 

The experimental material available for the present work, accordingly, remains 
deficient in desired data, particularly for heavy nuclei. Such a situation indi¬ 
cates that this classification will be subject to a succession of changes; improve¬ 
ments undoubtedly will follow with the appearance of new data. Nevertheless, 
the regularities in nuclear formation observed with the aid of this system give 
the whole project some justification and impetus for presentation. 

Several authors have proposed, from various considerations, to picture the 
structure of light nuclei on the basis of the alpha-particle model (20). The com¬ 
mon characteristics, such as binding energy, Coulomb forces, the statistics, and 
moments to some extent justify this application of the alpha-particle model to 
even-even-equal nuclei. 

However, the attempt to present other light nuclei as 

fca + (a =t 1 or 2p) or ia + (« zfc 1 or 2n) 

has not been successful in giving a picture of property regularities. 

Building up nuclei by the addition of primary particles at the rate of one to 
form individual species by two methods: 

t; + H + t; + H or i; + v + H + H 

in whichis a neutron and H is a proton, did not lead to continuity of formation 
because of the appearance and increase with mass number of extra neutrons (5). 

The latter factor created a problem of the “disposaP’ of extra neutrons in some 
form, since no self-evident relation of isotopic number and mass number could be 

^ Presented in part at the 105th and 107th Meetings of the American Chemical Society, 
which were held in Detroit, Michigan, April, 1943, and in Cleveland, Ohio, April, 1944, re¬ 
spectively. 
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traced. As a result, the possibility of considering extra neutrons as cementing 
material for clusters of particles has been rejected. 

In general, it can be said that the process of building up nuclei by the addition 
of one particle to the previous species does not exhibit any valuable information 
on the periodicity in their properties. Consequently it has been admitted that 
some framework of heavy particles may exist. This is mainly from the con¬ 
sideration that such complicated systems as nuclei actually can be very much 
simplified if particle clusters are found to have some physical meaning (20). 
Therefore, the suggestion has been made to “dissolve’’ at least the unfilled part of 
the alpha particle with some of the extra neutrons. The simplest case, the 
jLi^ nucleus, has been tested as an alpha-triton (H*) model (24). The last ap¬ 
proach can be supported now by the fact that physical characteristics are common 
for large sequences of nuclei if built up of combinations of three and four mass 
units. Therefore, the preliminary division of all nuclei into series again became 
of some significance. 

The known stable nuclei are usually listed as isotopes of elements in the con¬ 
secutive order of their charge numbers (33, 34). In some cases, the nuclei are 
given in sequences of their isotopic numbers. The periodicity of nuclear proper¬ 
ties, however, cannot be visualized well in either of the two forms, since the com¬ 
bination of protons and neutrons as a whole is the factor delineating the nuclei. 

Hence, the problem in the classification of the stable nuclei is to reveal, simul¬ 
taneously, the periodicity of common properties and the continuity of formation 
of nuclei. This can be accomplished by presenting the various combinations of 
protons and neutrons in some aggregated form. 

PRIMARY COMBINATIONS OF NEUTRONS AND PROTONS 

The proton-neutron composition of all the stable nuclei can be expressed as 
follows: 

A = k(p2n) + l{2p2n) + q(n2p) * 

A' = k'{p2n) + l'{2p2n) 

A" = ifc" (p2n) + q"(n2p) 

The aid of the groups of mass 3, in both their isobaric states, in addition to the 
group of mass 4 (2p2n), is significant in the classification as compared to other 
possible primary combinations. 

Thus, up to mass 4, of eight possible proton-neutron combinations (ap + 6n), 
three combinations can build up all the known species of stable nuclei, that is: 

* The notation used throughout the paper is p for proton and n for neutron. In addition, 
no requirements were imposed to consider the existence of particles as alphas or tritons in 
the nucleus in ^^space separated’’ groups, since the classification is based on the periodicity 
of physical characteristics. For this reason the group of two protons and two neutrons is 
noted as (2p2n) in order to identify such a mass 4 combination and to distinguish it from the 
helium atom nucleus. Likewise, the two isobaric states of mass 3 in the nuclear structure 
are noted as {p2n) and (n2p) to distinguish them from atomic nuclei of iH* and aHe*. The 
mass number, charge, and mass are designated A, Z, and m, respectively. The isotopic 
number, that is, (A — 2Z) is noted as I, distinguishing it from the spin, J. The latter is given 
in h units. The magnetic moment in nuclear magnetons is designated as . The quadruple 
electric moment Q is given in cm*. The unconfirmed data oi m^Iii,Qy and abundances 

are given in italics. 
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(i) a « 0, 6 « 0 leads to the evao-even-equal series. These nuclei with their 
physical characteristics are giv^ in Series 0, So* 

(j^) a » 0, d « 1 and (^) a » 6 « 2. These two cases lead to the evai*odd 

series^ (2fc + l)n + Z(2p2n), in which fc » 0,1, ... 21, and to the even-even- 
uneqiml series, (2k + 2)n + Z(2p2n), in which * » 0,1,.. .21. The first terms 
are isotopic numbers defining the separate groups in the series. 

(4) a.s 1, b SE 0 does not form a series of stable nucld. In the case in which 
Z « 0, one stable nucleus, iH^ is known. However, this combination is repre¬ 
sented by a number of radioactive nuclei. 

(5) a — 1, 6 « 1 leads to four known odd-odd nuclei. Three of these are 
given as Series 1, Si. 

((?) o « 1, 6 * 2 leads to the odd-ev^ series (2k + l)p2n -f /(2p2n), given as 
Series 3, 8 $, where the (2k + 1) term is the isotopic number k « 0,1 ,... 21 ; and 
to the even-even-imequal series, (2k + 2)p2n + l(2p2n), Sj, where the (2k -H 2) 
term is the isotopic number A; » 0,1,... 21. Thus the third combination above 
is no longer required for the formation of the even-even-unequal series, S 2 . 

(7) a « 2, 6 =« 0 represents no stable nuclei. One radioactive nucleus, eC*®— 
T = 8.8 sec., is listed. 

(8) a = 2, b = 1 does not form a series with groups of mass number 4 (2p2n). 
When Z — 0, one stable nucleus, 2 He®, is known. However, combination 8 to¬ 
gether with combination 6 leads to the formation of: the odd-odd series (Si) 
(p2n + n2p) + l(2p2n), where Z = 0,1,2; and the even-odd (Si) series (p2n + 
n2p) + (2fc + l)p2n + i(2p2n), where the (2A: + 1) term is the isotopic num¬ 
ber k == 0,1,... 21, and combinations 2 and 5 are no longer required. 

The primary nuclear combinations and their characteristics are as follows: 



Z 0 

1 

2 



A 

n 

V 




1 

m - 1.00897 (on^) 

- 1.00813 (H‘) 




M 

- -1.935 ±0.02 

- 2.790 ±0,002 

/ - 

1/2 

(49, 38) 

2 


pn 





m 

- 2.01472 ± 1 <H*) 

<?- 

0.273 

(23,38) 


B,E. 

- 0.00237 

I - 

1 



M 

- 0.8569 



(49) 

3 


p2n* 

n2p 




m 

- 3.01705 (H*) 

- 3.01686 ± 10 (He*) 




B.E. 

« 0.00902 

- 0.00816 l^B.E, - 

0.00086 

(35, 2) 


A* 

- 2.68 

- -1.84 I - 

ZI2 

(52) 


4 2p2n 

m 4.00386 ± 6 (He*) 

B.E. » 0.03034 

^ - 0 J - 0 (34) 


♦ Tritium, ,H*, is radioactive with a half-life of 31 d= 8 yr., emitting electrons of 15 db 3 
kev. (47). The unstable nucleus (p2n) of iH* is converted to a stable nucleus (n2p) of 
sHe* wit^ a loss in binding energy of •• 0.00086 m.u. It may be assumed that in heavier 
nuclei the p2n group carries for stability the necessitated increase in binding energy. The 
mass given includes electrons of an atom. 
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PBINCIPLE OP CLASSIFICATION 

The physical characteristics of nuclei, such as spin and magnetic moments, 
were taken as criteria for identification of the series.’ The isotopic numbers of 
nuclei belonging to the same series are a continuous odd or even sequence. 
The nuclei of the same isotopic number of a series form a group which differ by 
and are built up by the addition of 2p2n. 

The following requirements, in addition, have been imposed in classification of 
nuclei: The first is that the mass number of the last nucleus of the group will not 
be higher than that of the first member of the following group. The second is 
that the differences in isotopic numbers between groups are equal and remain 
constant in a series. To fulfill the requirement in regard to the isotopic numbers 
and mass numbers it is necessary to separate Series 2 into four periods with 
AI 8 between adjoining groups of each period. The following division of nu¬ 
clei results: 


Protons and neutrons equal 


SEtlES 0 (So) 

SEKIES 1 (Si) 

Protons-neutrons even 

Protons-neutrons odd 

A single group with 

A single group with 

I - 0, 7 - 0 

I « 0, / - 1 

M - 0 

u is positive 


Protons and neutrons unequal 


SEKIES 2 (St) 

SEKIES 3 (Ss) 

SEKIES 4 (Si) 

Protons-neutrons even-even 

Proton-neutrons odd-even 

Protons-neutrons even-odd 

22 groups of consecutive even 
isotopic numbers 

I ■* (2h + 2) 
n - 0,1, ...21 

I « integer or 0 

22 groups of consecutive odd 
isotopic numbers 

I - (2n -f 1) 
n - 0,1, ... 21 

I is fractional 
u mostly positive* 

22 groups of consecutive odd 
isotopic numbers 

I - (2n + 1) 
n - 0,1, ... 21 
/ is fractional 

M negative and positive 

Four periods: P2, P4, P6, P8 

One period 

One period 


* AiAg^^ and 47 Ag^“ are listed with negative magnetic moments (26). 


® The data on quadrupole electric moments remain insufficient in number to be used for 
identification of series. 
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8eri$i 0 


Characteristics: even and equal number of protons and neutrons; .consists of one group of 
eight nuclei; are most abundant species of respective elements with the 
exception of isA**; spin and magnetic moment are sero 


MASS 

NUICBXIS 

zmcucx 

xsoTonc 

ABUH- 

ABUN¬ 

DANCE 

BEIJiTIVE 

NUMBEBOV 

BABTXCLBS 

CHABACnCBISnCB OT NUCtEX 

ami- 

XNCE 


DANCE 

TO EVEN- 
EVEN 

P 

n 



12 

.C« 

per cent 

98.9 

per cent 

100 

6 

6 

m - 12.00386 ± 2 
B.E. - 0.0087 

AB.E. - 0.0381 

(38) 

16 

|0>' 

99,76 

99.80 

8 

8 

m - 16.00000 

B.E. - 0.1368 

AB.E. - 0.0364 


20 

„NeM 

90.00 

90.24 

10 


m - 19.09881 

B.E. - 0.1722 
^B.E. m 0.0411 

(B*. 48) 

24 

uMg“ 

77.4 

87,6 

12 


m - 23.00180 

B.E. - 0.2133 

AB.E. - 0.0397 

(48) 

28 

..Si** 

89.6 

96.6 

14 


m - 27.98639 

B.E. - 0.2630 

AB.E. - 0.0376 

(48) 

32 

..s** 

96.1 

96.7 

16 

16 

m - 31.98306 

B.E. - 0.2905 

AB.E. - 0.0388 

(48) 

36 

..A** 

0.31 

0.31 

18 

18 

m - 35.07852 

B.E. - 0.3293 

AB.E. - 0.0382 

(48) 

40 

..Ca** 

96.97 

97.11 

20 

20 

m - 39.9745 

B.E. - 0.3675 

(48) 


* Masses obtained by mass-spectrograph measurements are designated by letters in 
parentheses to signify the authors: (A) Aston, (B) Bainbridge, (D) Dempster, and (N) 
Nier. Otherwise the data are from transmutations. Isotopic abundances according to 
F. W. Aston (4). 

All known stable nuclei, up to July, 1944, are included in the classification. However, 
since the purpose of the classification is to observe general regularities of properties and 
to note the deviation of species which do not fit the classification, there was no tendency to 
discard nuclei not fitting or to predict new ones to fill the gaps in groups* 
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Series 1 


Characteristics: odd and equal number of protons and neutrons; consists of one group of 
three nuclei; spin is 1 and magnetic moment is positive 


MASS 

NUlCBll 

HUCtBl 

ISOTOPIC 

ABUNDANCE 

NinCBEB OP PABTICLES 

CHAKACTEBX8TXC8 OP NUCLEI 

BEPEBENCE 


P 

M 


6 

,Li* 

Per cent 

7.6 

3 

3 

m - 6.01684 11 

B,E. - 0.0346 

AB.E. « 0.0362 

M - 0.8218 
/ - 1 

(2) 

(49) 

10 

1 

20.0 

j 

6 

5 

m • 10.01679 zt 22 
B.E, « 0.0697 

AB E, - 0.0426 

M - 0.6977 

I - 1 

(1.2) 

(49) 

14 i 

i 

7N“ 

99.62 

7 

7 

m - 14.00763 =fc 3 
B.E. - 0.1122 

M - 0.4025 

I - 1 

(38) 

(49) 


In Series 0, is listed as the first nucleus, since iBe* has not been observed 
to the extent of 10"”* that of 4 Be® and is unstable against alpha emission (69). 
In Series 1, sLi* is given as the first nucleus. Thus, these two series differ from 
previous lists of the same nuclear sequences in the absence of 2 He^ and iH*, which 
are brought in here as primary combinations. The consecutive nuclei in Series 
0 and 1 are built up by the addition of the group 2p2n^ 

ODD-EVEN AND EVEN-ODD NUCLEI 

The physical characteristics of Series 3 and 4 are taken up here, in advance of 
Series 2, since the periodicity of the properties of Series 2 can be dravnn up, with 
some advantage, on the basis of the regularities observed in the odd mass number 
nuclei. In addition, a comparative and simultaneous observation of the proper¬ 
ties of Series 3 and 4 is found to be helpful in disclosing the deviations of some 
nuclei from the places where they are expected by the classification (see table 1). 

As can be seen from Series 3 and 4, all consecutive mass numbers starting with 
7 and ending with 209 are represented. Four stable isobars of these two series 
are known; therefore, the total number of species is 106 and of these, 51 are odd- 
even and 65 are even-odd. 

The difference in mass number between the last nuclei of Groups 3, 4, 5, 7, 
8, 10, 13, 18, 19, 21 and the first nuclei of the following groups in Series 3 is 2, 
corresponding to the difference in isotopic numbers. Likewise, the difference 

* This does not impose the necessity of considering the nuclei of Series 0 as built up of 
^'alpha particles’’ alone and those of Series 1 of “alpha particles*’ and ‘^deuterium”, since 
(p2n-n2p) groups as models can be applied to the first nuclei, iLi* and eC^*, in these series. 
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tMg" 11.6 100 12 13 m - 24.99277 (48) 

B.E. > 0.2214 
AB.£. - 0.0401 


TABLE 1 —Continued 
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i«K» 93.4 19 20 m = 38.97518 (48) 

B.E. = 0.3687 




Group 2:1 » 3 Group 2:1 « 3 

Three nuclei An incomplete group of two nuclei terminated by radioactive 

,«S» and iiCr*! 
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Group 3:1 6—Continued 

! 

I i 

is! |i 

Sod So 

R « K 1 R 

CQ fiQ 

< 

M 

I 

i 

S eS S 

E 

S 8 s 

m 

nvE 

TO 

EVEN- 

ODD 

per uni 

100 

100 

100 


NOCLEI AND ISOTOPIC 
ABUNDANCE 

Per cent 

9.43 

2.1 

1.2 

3 3 3 

u 0? ?r* 

^ • • 

•* 9 * 9 * 

Group 3:1 » 5—Continued 


1 

I 

1 e * 

III is 2 s 

• .ass^c- 5«>« sj.T'^ 

Soo iiSe>o*9 wn mcjl 

a n v I n 1 H at a a a 

gas"- ^ ^ 

«5^ as 

H 

d 

D 

8 S S S 

B 

^ ^ 

1 

i 

» 

1 

J 

•i u 

i 

j 

3 

Ei 

per cent 

100 

100 

100 

j 

68 

5. 1 ^ % 

•• •• w « 

1 


51 

53 

55 

57 

59 

61 

63 




















Group 4:1 = 7 Group 4:1 = 7 

Two nuclei terminated by radioactive a»A8‘® A single nucleus terminated by radioactive ssNi** and nGe^* 
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(IZ) 19 g 
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( 4 *Ma” Unknown 43 54)| 















Group 7:1 « 13 Group 7: I -* 13 

Two nuclei terminated by radioactive 4 *Ma®® and 4 !»ln*“ Three nuclei terminated by radioactive 4 ®Zr*» and 4 sCd*** 
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-0.89 (59) 




26.23 65.3 54 75 m » 128.942 ± 2Q (A, 4) 















Group 12:1 « 23 Group 12:1 « 23 

Incomplete group of two nuclei Incomplete group of four nuclei terminated by radioactive 
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Unknown 58 83) 






Group 16:1 31 Group 16:1-31 

Two nuclei Three nuclei terminated by radioactive «iGd‘** 
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References to the literature are given in parentheses. Underscored radioactive nuclei are not confirmed. 
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lao 

between the last nuclei of Groups 2, 9,10,11,14,15,16,17,18, 20 and the first 
nuclei of the following groups in Series 4 is 2. A mass difference 2 between 
adjoining groups is due to the existence of isotopic doublets in either St or St. 
The mass differoice between nuclei of adjoining groups which have no isotofnc 
doublets is cmisequently expected to be 6. 

Odd isobars distort these regularities in consecutive groups. This is due to the 
following nuclei: 

Series 3: Group 8 (Gt), «In*“ 

Series 4: Ga, toSn***; Gio, aTe***; Gw, wOs**^ 

The non-existmce of the stable nucleus itA** in St-G* and the appearance of 
wB?' in Sr-Gi results in irregularities of mass number differences in the respective 
groups. 

The non-existence of the stable nucleus mSc^’' and the appearance of the nucleus 
jjTi*’' result in exchange of position of an isotopic doublet from Series 3 to Series 
4, with mass difference 2 in Series 4 instead of Series 3. This exchange involves 
the conversion of a neutron to a proton. 

The non-existence of the stable nucleus wMa'^ in Sa-Gt and the appearance of 
the nucleus wMo*^ in St result in deviations in G* and G? of both series, the devia¬ 
tion being due to a conversion of a proton into a neutron. 

A more complicated shift from nuclei expected by the classification to those 
actually existing occurs in Groups 12 and 13 of Series 3 and 4. These two pairs 
of groups are incomplete,—^five nuclei are missing in the middle of the groups. 
In addition, the positions of some nuclei in both i^ries are reversed with regard 
to charge numbers, i.e., a nucleus of lower charge number has a higher isotopic 
number than the nucleus of higher charge number: 

«La«» has I = 25 wBa>»» has I = 25 

»Pr>« has I = 23 .oNd»« has I = 23 

A reversed order likewise is observed in Groups 6 and 7 of Series 4, owing to 
the non-existence of wMa*^ in Group 6 of Series 3. 

In table 2 are shown the proton-neutron combinations expected by the classi¬ 
fication in Gu and Gw and the actually known nuclei. Isotopes expected but not 
existing are in parentheses and those existing but not expected are underscored. 

Thus, four nuclei are expected in Series 3-Group 12 and five in Series 4-Group 
12. In Group 13 of each series only a single species is expected. Actually the 
three nuclei, srLa**', igCe“*, and «ill‘^ with the proton-neutron combinations 
57-80, 58-81, and 61-84, respectively, are unknown as stable.* The shift toward 
stebility takes place by the exchange of one proton for a neutron. This is a 
reversal of the conversion of one neutron into a proton which occurred in the 
light nuclei wA** and mSc^^. 

The groups of nuclei of Sa and S4 are very often terminated by known radio¬ 
active nuclei. 

* The radioaetive isotope of lanthanum of half-life 17 hr. has been assigned to nucleus 
(67). 
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Anumg sevtttd other questions arising from observing the classifying tables 
of Sfflies 3 and 4 is that (d whetiier elements of charge numbers 43 and 61 exist. 
The lack of stable isotq)es these charge numbers may be due merely to ^ 
coincidence that the proton-neutron combinations 43-54 and 61-84 are unstable. 

EVSN-BVEN-UNEQUAL NTTCLBI 

All the nuclei of even-even-unequal number of protons and neutrons form 
twenty-two groups with ccmsecutive even isotopic numbers: 

I = 2fc + 2, where k “ 0,1,... 21 

Ead) isotopic number is {presented by a s^uuate group of nuclei, the con¬ 
secutive members of the group being built up by the addition of 2 p 2 n. Thus there 
is identity in the number of groups between the previously described series, 8 $ 
and S 4 , and Series 2, 

However, the twenty-two groups of even-even nuclei are in some respects more 
complicated in the consecutive order of their formation than the nuclei of Series 
3 and Series 4. 

The requiremwt, followed in this classification, as to the interrelation of 
groups in regard to the isotopic and mass numbers, does not hold between con¬ 
secutive isotopic number groups of the even-even-unequal species. The condi¬ 
tion is fulfilled, however, after division of the series into periods. 

The mass numbers and isotopic numbers of the species in the twenty-two 
groups can be regarded as comprising two separate sub-series defined as: 

S*. having I = 4* + 2 ; ifc = 0 , 1 ,... 10 ; A = 4*' -|- 18; = 0 , 1 ,... 47 

Sjbhavingl = 4^" -1-4;*'' = 0,1,... 10 ; A = 4*'" -f 36;*'" = 0 , 1 ,... 43 

By division of the even-even-unequal isotopes into two sub-series, remarkable 
simplicity is apparent in the consequent formation of the groups and a connection 
is obtained with Si. That is, the first nucleus of Sia follows the last nucleus of 
Si. The continuity between Si and Ss. can be seen from the following: the first 
nucleus, »0‘*, S»„ is built up by the addition of 2p2n to tN*' and conversion of a 
proton to a neutron: 

tN« -f 2p2n -* ,F>» (R) -»jO** -f- e 

The requirement that the mass number of the last member of a group be not 
hijd^er than that of the first member of the succeeding group necessitates the 
further division of sub-series into two periods each. Sub-series S*. has the pe¬ 
riods: 

P, having I = 8 * -f 2; * = 0,1,... 5; A = 4*" -f- 18; *" = 0 , 1 ,... 47 
P, having I = 8 *' -f 6 ; *' = 0 , 1 ,... 4; A = 4*"' -|- 46; *'" * 0,1,... 38 

Thus the nuclei of the two periods, Pg and P«, can have isobars in the mass 
number interval of 46 to 198. 
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The interrelation of the nuclear species of the two periods of Sub-series Su 
and the consecutive order of the nuclei in the adjoining groups is as follows: 


Period 2 

I - 8*! -t- 2 
k m 0,1, ... 5 


Period' 6 

I - 8ik' + 6 
jfc' - 0,1„...4 


OXOUP 

NO. 

NUCLEI 

I 

M 

AA 

CIOUP 

NO. 

NUCLEI 

I 


AA 

1 

,0“ 

- „Ni‘' 

2 

8 

12 

3 

uCa** - 

• .Kr” 

6 

8 

1 

4 

5 

,,Zn” 

- 4iCd‘« 

10 

8 

4 

7 

»4Sc'* - 

« iSn”* 

14 

8 

8 

9 

4.Pd»« 

- 

18 

8 

0 

11 

4oSn”» - 

i.Nd‘« 

22 

8 

8 

13 

.tTe>« 

- 4«Er»“ 

26 

8 

8 

15 

4oNd“»- 

jillfM 

30 

8 

12 

17 


- I,08‘“ 

34 

8 

12 

19 

j.W*** - 

..Hg*** 

38 



21 


- „Pb*« 

42 







1 



Thus the odd groups of even-cven-unequal species make up Sub-series S^ and 
the groups in Pj and Pa follow alternately. 

The increase in the isotopic number between two succesrive groups is always 8, 
the nuclei in a group being built up consecutively by addition of 2p2n. 

The difference in mass number between the last nucleus of a ^oup and the 
first nucleus of the following group might be expected to be equal to the difference 
in isotopic number, that is, to be 8. However, the last column shows that four 
cases are possible. 

(i) Ai4 = 0, MBa*” — mTc'*® between G# and Gj*. This leads to the appear¬ 
ance of six consecutive isobaric nuclei and one triode, A = 130, which actually 
are in existence. 

(S) AA — 4, «Cd*“ — «Pd“® between G» and G» and s»Kr’* — wSe® between 
G» and G7. This makes possible the existence of consecutive isobars for mass 
numbers 94 to 114 and 70 to 86 (jiSr** is unknown). 

(3) AA = 8. This yields an intermediate single mass number species. 

{Ji) A.4 = 12. This leaves two intermediate single mass number species. 

The groups of the Periods P* and P«, with the exception of Group 7, are com¬ 
plete. (5roup 7 lacks the nucleus MBr*®. 

Sub-series Sji, is divided into two periods in a manner similar to 82.. 

P« having I = 8A: -|- 4; A: = 0,1 ,... 5; ri = 4^ 36; = 0,1,... 43 

P» having 1 = 8k' + 8; k’ = 0,1,... 4; ri = 4A:'" + 48; k'" = 0,1,... 39 









TABLE 3 
Seriei $ 

Characteristics: even number of protons and neutrons; consists of 22 groups of consecutive even isotopic numbers, the groups 

having from 2 to 44 extra neutrons 


184 


1. D. KtmBA.TOT 



4Si>« 4.2 4.5 14 16 m » 29.98294 (48) 
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,Se'‘ 24.0 26.2 34 44 »,Kr’» 0.35 0.40 36 42 m = 77.9430 ± 20 (A) 

B.E. = 0.7264 
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References to the literature are given in parentheses. 
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The interrelatioii of groups is as follows: 


Period 4 

1 - 8 A; + 4 

- 0 


Period 8 

I « 84/ -f 8 
k' - 0,1, ...4 



A deviation from the requirements imposed in the classification is observed in 
one case,—^namely, in P 4 between Gio and Gw,—on account of the existence of the 
nucleus aaSm^^^ of 3 per cent abundance (3, 46) 

In two cases there are no mass number differences between the last isotope of 
one group and the first of the succeeding group; in one case the mass difference 
is negative. All these may result, therefore, in the appearance of three triodes. 
These triodes actually exist for each of the mass numbers 96, 124, 136.^ 

A difference of four mass units between Ge and Gio results in the longest 
sequence of isobars. A difference of eight mass units between adjoining groups 
corresponds to the existence of four single mass number species: they are 64 Gd^®®, 
7 oYb^^®, 760s‘®*, and goHg^. A difference of twelve mass units brings two con¬ 
secutive single mass number species, joZn®* and 82 Ge’ 2 . 

The Sub-series S 2 b has seven complete groups. The incomplete groups are 
G 4 , Gio, Gi 2 , and G14. 

SUMMARY 

It has already been indicated that the division of all known stable nuclei into 
groups of separate series according to their physical characteristics is lacking in 
continuity of specias formation. However, with the aid of this division the ob- 

• This deviation is rather significant; may be looked upon as a product of the dis¬ 
integration of and eoNd^^^ However, the radioactivity of 6 jSm'^® has been clearly 

established, but that of aoNd'** remains in question. Some authors reported beta-radi¬ 
ation associated with an enriched fraction of Nd, making no definite isotopic assignment 
(32,72). 

^ Thus, all four known triodes come at breaks between groups. A fifth triode, mass num¬ 
ber 102 , previously described is omitted here, since nucleus 41 M 0 '®* was not confirmed by 
recent analysis of the mass spectra. Should triode A ■■ 102 exist, its position would not be 
in the location of a break between groups (9,10). 
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servation has been made that the groups of Series 4 always precede the groups of 
nuclei of Series 3 with a (Uffa’mce of four mass imits. The isotopic number of a 
sequence of Series 4 is always two units lower than the following sequence of 
Series 3. 

With this observation it was possible to connect stable nuclei in the order 
of their mass numbers while maintaining sequences of identical characteristics. 
Tables 5 and 6 are arranged in a form so that the series appear periodically and 
coincide with consecutive numbers of particles of three mass units. The number 
of particles of mass 3, except for Series 4, also represent the isotopic numbers of 
respective groups of nuclei. The number of particles of mass 3 in Series 4 is two 
units higher than the isotopic number of the corresponding group. This connec¬ 
tion of Series 4 and three species can be regarded as a change of an n2p group 
into a p2n. Identically the nuclei of Series 1 (Si) precede the nuclei of Series 2, 
Period 2. The connection likewise, can be regarded as a change of n2p into 
p2n. Vertically are given the number of particles of four mass units (2p2n). 

CLASSIFICATION OF STABLE NUCLEI WITH THE AID OF THREE AND FOUR MASS UNITS 

(tables 5 AND 6) 

Series 0 remains separated from the other series. However, the nucleus eC** 
could be as well reg^ded as the first nucleus of a sequence with four particles of 
three mass units. 

The shifted position of the nucleus of mass number 39, mK®* described above, is 
found to be adapted to the summarized classification. 

The shifts described in Group 6,1 = 11, of Series 3 and Group 7,1 = 13, of 
Series 4, and in Groups 12 and 13 of Series 3 and 4,1 = 23 and 25, suggest that 
sixty-one protons may not form a stable nucleus with any combination of 
neutrons. 

In the even-even series all charge numbers are represented; however, there 
are gaps in Periods 4, 6, and 8, due to non-observance of stable nuclei loZr**, 
ssSr”, 6«Ba‘", «Ce‘^. The radioactive species of these mass numbers are not 
yet established. 

The position of siLa”® remains unique, since it is a nucleus of Series 3 located in 
the middle of a sequence of Series 4. 

Only three nuclei, odd isobars, the stability of which is debated, could not be 
placed in the summarized classification. These three nuclei are shown separately 
on the tables. On the other hand both the isobars 4 «Cd“* and «In“* are properly 
placed in the classification. 

Four nuclei of known even-even triodes, A = 96, 124, 130, 136, have the 
species 4 oZr**, »oSn>**, wTe**®, and nXe*** occupying positions out of line. 

It is reasonable to assume some future corrections of presently known stable 
isotopes, especially in the rare earth region. 

REFERENCES 

(1) Allison, S. K.: Phys. Rev. 56, 624 (1939). 

(2) Aluson, S. K., Miller, L. C., Peblow, G. J., Skaggs, L. S., and Smith, N. U., Jr.: 

Phys. Rev. 66, 178 (1940). 



A CLABSIFICATIOK OF STABLE NUCLEI 


149 


(3) Aston, F. W.: Proc. Roy. Soc. (London) A146, 46 (1934). 

(4) Aston, F. W. : Mass Spectra and Isotopes, Edward Arnold Company, London (1942). 

(6) Barkas, W. H.: Phys. Rev. 66, 691 (1939). 

(6) Benson, A., and Sawyer, R. A.: Phys. Rev. 49, 867 (1936), 

(7) Bbthe, H. a., and Backer, R. F.: Rev. Modern Phys. 8, 82 (1936). 

(8) Crawford, M. F., and Bateson, S.: Can. J. Research 10, 693 (1934). 

(9) Cohen, A. A.: Phys. Rev. 68, 219 (1943). 

(10) Dempster, A. J. : Phys, Rev. 49, 947 (1936). 

(11) Elliott, A.: Proc. Roy. Soc. (London) 127, 638 (1930). 

(12) Feenberq, E., and Phillips, M.; Phys. Rev. 61, 597 (1937). 

(13) Feenberg, E., and Wigner, E.: Phys. Rev. 51, 95 (1937). 

(14) Fisher, R. A., and Peck, E. R.: Phys. Rev. 65, 270 (1939). 

(15) Gollnow, H.: Z. Physik 108, 443 (1936). 

(16) Hamilton, D. R.: Phys. Rev. 66, 30 (1939). 

(17) Hardy, T. C., and Millman, S.: Phys. Rev. 61, 459 (1942). 

(18) Hay, R. H.: Phys. Rev. 68, 180 (1940); 60, 75 (1941). 

(19) Heyden, M., and Kopfermann, H.: Z. Physik 106, 232 (1938). 

(20) Inolis, D. R.: Phys, Rev. 60, 837 (1941); and references given therein. 

(21) Inglis, D. R.: Phys. Rev. 60, 843 (1941). 

(22) Jackson, D. A., and Kuhn, H.: Proc. Roy. Soc. (London) 158, 372 (1937). 

(23) Kellogg, J. M. B., Rabi, 1.1., Ramsey, N. F., Jr., and Zachariab, J. R.: Phys. Rev. 

67, 677 (1940). 

(24) Kittel, C.: Phys. Rev. 62, 109 (1942). 

(25) Kopfermann, H. : Z. Physik 88, 417 (1933). 

(26; Kopfermann, H.: Kcrnmoments. Akademische Verlagsgesellschaft, Leipzig (1940). 

(27) Kopfermann, H., and Rindal, E.: Z. Physik 87, 460 (1934). 

(28) Kopfermann, H., and Wittke, H.: Z. Physik 105, 16 (1937). 

(29) Kusch, P., and Millman, S.: Phys. Rev. 66, 527 (1939). 

(30) Kusch, P., Millman, S., and Rabi, I. I.: Phys. Rev. 66, 666 (1939). 

(31) Kcsch, P., Millman, S., and Rabi, I. I.: Phys. Rev. 66, 1176 (1939). 

(32) Libby, W. F.: Phys. Rev. 46, 845 (1934); 46, l96 (1934). 

(33) Livingood, j. J., and Seaborg, G. T.: Rev. Modern Phys. 12, 30 (1940). 

(34) Livingston, M. S,, and Bethe, H. A.; Rev. Modern Phys. 9, 380 (1937). 

(35) Livingston, M. S., and Bethe, H, A.: Rev. Modern Phys. 9, 373 (1937). 

(36) Lyshede, j. M., and Rasmussen, £.: Z. Physik 104, 434 (1937), 

(37) Margenau, H., and Wigner, E.: Phys. Rev. 58, 103 (1940). 

(38) Mattauch, j.: Phys. Rev. 67, 1155 (1940). 

(39) McLay, a. B., and C^r.\wford, M. F.: Phys. Rev. 44, 986 (1933). 

(40) Millman, S., and Fox, M.: Phys. Rev. 60, 220 (1936). 

(41) Millman, S., and Kusch, P : Phys. Rev. 66, 303 (1939). 

(42) Millman, S., Kusch, P., and Rabi, I. I.: Phys. Rev. 66, 165 (1939). 

(43) Millman, S., Rabi, I, I., and Zacharias, J. R.: Phys. Rev. 63, 384 (1939). 

(44) Manley, J. H.: Phys. Rev. 49, 921 (1936). 

(45) More, K. R.: Phys. Rev. 46, 470 (1934). 

(46) Nier, a. O.: Phys. Rev. 62, 933 (1937). 

(47) O’Neal, R. D., and Goldhaber, M.: Phys. Rev. 68, 574 (1940). 

(48) Pollard, E.: Phys. Rev. 67, 1186 (1940). 

(49) Rabi, I. I.: The Moments of the Light Nucleij Nuclear Physics, University of Penn¬ 

sylvania Press (1941). 

(50) Rabi, 1.1., Millman, S,, Kusch, P., and Zacharias, J. R.: Phys. Rev, 65, 626 (1939). 

(51) Renzetti, N. a., and Hamilton, D, R.: Phys. Rev. 67, 570 (1940). 

(52) Sachs, R. G., and Schwinger, J.: Phys. Rev. 61, 732 (1942). 

(53) SchOlbr, H., and Jones, E. G.: Z. Physik 74, 631 (1932). 

(54) SchOler, H., and Keyston, J. E.: Z. Physik 71, 413 (1931). 



150 


B. DB B. DARWENT ANB C, A. WINKLER 


(66) SchOler, H. and Korsching, H.: Z. Physik 108* 434 (1936). 

(66) ScHtJ^LBR, H., AND KoRscHiNO, H.: Z. Physik 111» 386 (1939). 

(67) ScHt^LBR, H., Roig, J., AND KoRSCHiNG, H.: Z. Physik 111, 165 (1939). 

(68) SchOler, H., and Shmidt, Th.: Zf^hysik 104, 468 (1937). 

(69) SchOler, H., and Westmeyer, H.: Naturwissenschaften 21, 660 (1933). 

(60) Schmidt, Th.: Z. Physik 101, 486 (1936). 

(61) Schmidt, Th.: Z. Physik 108, 408 (1938). 

(62) Schmidt, Th.: Z. Physik 112, 199 (1939). 

(63) Shrader, E. F.: Phys. Rev. 66, 475 (1940). 

(64) Shrader, E. F., Millman, S., and Kusch, P.: Phys. Rev. 68, 925 (1940). 

(65) SiBAiYA, L.: Phys. Rev. 66, 768 (1939). 

(66) Tolansky, S., and Forester, G. O.: Proc. Roy. Soc. (London) 60, 826 (1938). 

(67) Wbimer, K. E., Pool, M. L., and Kurbatov, J. D.: Phys. Rev. 63, 67 (1943). 

(68) Welles, S. B.: Phys. Rev. 62, 197 (1942). 

(69) Wheeler, J. A.: Phys. Rev. 69, 108 (1941). 

(70) WiGNER, E.: Phys. Rev. 61, 106 (1937). 

(71) Wigner, E.: Phys. Rev, 61, 947 (1937). 

(72) Wilkins, T. R., and Dempster, A. J.: Phys. Rev. 64, 315 (1938). 

(73) Wood, R. W., and Dieke, G. H.: Phys. Rev. 66, 1120 (1939). 

(74) Zacharias, j. R., and Kellogg, J. M. B.: Phys. Rev. 67, 570 (1940). 
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INTRODUCTION 

Investigations of the mercury-photosensitized reactions of the lower paraflBn 
hydrocarbons have shown that with ethane (12, 14, 19), which contains only 
primary hydrogen atoms, considerable C—C bond splitting occurs at some stage 
of the process, whereas with propane (16) and butane (4), both of which contain 
secondary C—H bonds, reaction proceeds almost entirely by a C—H split. The 
behavior of isobutane under similar conditions is of interest, since either the 
shielding of the tertiary bond or the 9:1 statistical factor in favor of the primary 
C—H bonds conceivably could make the reaction occur preferentially on one of 
the primary bonds, in which case the nature of the products should indicate a 
reaction of the same type as with ethane, if the anomalous behavior of ethane 
is due to the absence of secondary or tertiary C—H bonds. 

The mercury-photosensitized reactions of isobutane have therefore been in¬ 
vestigated with the results recorded in the present paper. 

^ Holder of the Canadian Industries Limited Fellowships in Physical Chemistry, 1943-44 
and 1944. 

Present address: Chemistry Division, National Research Council, Ottawa, Ontario, 
Canada. 
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EXPERIMENTAL 

Isobutane was obtained from the Ohio Chemical Co. It was stated to be at 
least 99 per cent pure, the only impurity being n-butane. Since no impurity 
could be detected by the analytical methods employed, the isobutane was used 
after a simple bulb-to-bulb distillation. 

The essential features of the apparatus are shown in the accompanying diagram 
(figure 1). The lamp-reactor unit L-R, of the type described by Steacie and 
Phillips (18), was connected in a closed circuit with three traps, T-1, T-2, and 
T-3, a set of mercury valves (V) to ensure unidirectional flow of the gas, a cir¬ 
culating pump (P), and a mercury saturator (S). The volume of the reactor was 
about 870ml. The lamp was filled with 3 mm. of neon as carrier gas and a drop of 
mercury. The electrodes w'ere surrounded by copper coils through which water 
could be circulated to cool or heat the chambers. The pump (P) was made from 


TO McltOO WENT TO 

6UA0e ATMOiPMtHE 



a brass tube 4 cm. in diameter and 35 cm. long; it w^as fitted with a steel piston 
which was dra\vn in reciprocating motion by an external electromagnet attached 
to an eccentric on a J H.P. motor. The displacement was about 440 ml. per 
stroke. 

Before each experiment the temperature of the reactor was raised to about 350® 
C. and the vessel evacuated overnight to remove any high-boiling polymers that 
might have been produced in previous experiments. Absence of these polymers 
was assumed when no pressure rise was observed (McLeod gauge) after 30 min. 
illumination of the evacuated system. 

A measured volume of isobutane w’as introduced, and trap T-2 was cooled with 
solid carbon dioxide-acetone to a temperature such that the isobutane condensed 
and provided the requisite working pressure of the gas. Trap T-1 w^as then 
cooled to a temperature slightly higher than that of T-2 to condense the high- 
boiling products of the reaction. The circulating pump was started and the 
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stopcocks arranged so that the gases passed through the traps. The lamp was 
turned on and regulated by adjusting the current to the primary of the trans¬ 
former. The gases were illuminated for a measured time, after which the pres¬ 
sure of the volatile products of the reaction and the residual isobutane was 
measured by placing T-1 in ice water and then in liquid air. (The gases were 
circulated to constant pressure in each case.) The permanent gas fraction was 
removed in a Toepler pump and analyzed by low-temperature distillation, fol¬ 
lowed by combustion of the hydrogen-methane fraction. The combustion was 
carried out in a large excess of oxygen, and the carbon dioxide produced was 
absorbed in standard alkali to which a drop of 1-butanol had been added as a 
neutral foaming agent. The condensed gases in T-1 were also analyzed by low- 
temperature fractional distillation, and the higher boiling products of the reaction 
removed from the trap and weighed. 

The heavy products were found to consist mainly of octanes and dodecanes* 
From the results of previous work on similar reactions it might be inferred that 
only three octanes,—^namely, 2,5-dimethylhexane, 2,2,4-trimethylpentane, and 

2.2.3.3- tetramethylbutane,—^v^’^ould be produced in the reaction. These octanes 
form a continuous series of solid solutions (11), so that the 2,2,3,3-tetramethyl- 
butane could not be separated from the others by freezing. The analysis of the 
octane fraction vras further complicated by the proximity of the boiling points of 
the isomers and the small difference between the melting and boiling points of 

2.2.3.3- tetramethylbutane. A reasonably precise analysis of the octane frac¬ 
tion was obtained, how^ever, by the partial fractionation of the mixture with an 
efficient semi-micro column (twenty-two plates) provided with a modified Sted- 
man type wire gauze packing, as recommended by Bowser and Cooke (1), and run 
with intermittent draw-off of 0,5-ml. samples. The fractions thus obtained were 
weighed, and their melting and boiling points determined in the usual manner. 
The composition of each fraction was determined, assuming each to consist of 

2.2.3.3- tetramethylbutane and one of the other two possible octanes, by deter¬ 
mination of the refractive indices of solutions containing known percentages of 
the fraction in n-hexane. 

The nature of the reaction was investigated at 80®, 160®, and 260®C. and under 
various working pressures of isobutane. In all experiments the current to the 
lamp was kept constant on the assumption that the output of X2537 was 
independent of the operating temperature wuthin the limits covered. 

RESULTS 

Details of the operating conditions are given in table 1. The quantum output 
of the lamp was determined by the use of a monochloroacetic acid actinometer 
with the corrections proposed by Smith, Leighton, and Leighton (10) for the effect 
of temperature on the ratio of the dark to the photochemical reaction instead of 
the value of unity given by Rudberg (8) for the quantum yield of this reaction. 
Accordingly, the values for the quantum yield reported here should be altered by 
a factor of 0.4 for comparison with most of the past work on similar reactions. 

The amount of liquid product obtained in the individual experiments was too 
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small for independent analysis; accordingly, the products from several ex- 
perimaits at the same temperature were combined for analysis. Details of the 

TABLE 1 

Experimental conditions 

Voliune of reactor, 870 ml.; volume of system, 1985 ml.; arc current, 89 milliamperes; 
circulation rate, 2.67 liters per minute; resonance radiation absorbed, 1.19 X 10~^ 

einsteins per second 


AVESACE TIME 

INITIAL 
PIESSUEE OF 
BUTANE 

WOIKINO 

FINAL PBESSUEE 

LIQUID 

•E SUN 

PIESSUEE 

OF BUTANE 

Total products 

Hydromn 
and metnane 

PEODUCTB 


Series A: runs at 80®C. 



mm. 

cm. Hg 

cm. Hg 

cm. Hg 

cm. Hg 

grams 

A1 

120 

30.5 

6.4 

26.2 

5.2 


A2 

120 

50.5 

9.2 

45.0 

5.3 

0.4 

A3 

540 

60.0 

10.7 

44.6 

18.0 

1.90 

A4 

593 

50,5 

11.4 

33.1 

19.0 

2.15 

A5 

120 

51.3 

21.8 

44.8 

6.3 

0.55 

A6 

180 

60.0 

30.6 

50.5 

10.3 

0.95 



Series 

B: runs at 

150°C. 



B1 

180 

.50.2 

5.0 

34.0 

16.6 

1.53 

B2 

300 

50.0 

10.0 

29.8 

24.0 


B3 

150 

50.1 

11.0 

36.9 

14.1 

1.51 

B4 

150 

60.3 I 

11.0 

42.4 

14.6 

1.27 

B6 

240 

51.3 } 

11.0 

27.8 

24.5 

2.20 

B6 

90 

60.2 

31.7 

55.3 

8.9 




Series 

C: runs at 

aso'c. 



Cl 

300 

50.5 



■n 

n 

C2 

150 

49.8 




BIH 

C3 

210 

70.2 





C4 

180 

69.9 

12.6 ! 

51.0 

23.7 

1.40 

C5 

120 

60,8 

19.0 ' 

49.0 

10.5 

0.92 

C6 

120 

60.5 

23.8 

50.4 

11.6 

1.10 

C7 

90 

50.0 

27.0 

45.3 

6.8 


C8 

120 

58.9 

27.8 

48.0 

10.6 


C9 

150 

70.0 

32.9 

54.3 

13.2 

1.26 

CIO* 

120 

56.9 

41.8 

48.9 

7.9 

1.23 

Cll* 

210 

54.4 

51.4 

43.5 

11.3 

1.81 

C12* 

120 

65.0 

61.0 

56.0 

8.3 

1.19 


* Volume of system «* 3190 ml. 


fractionation of the liquid products, and of the properties of the fractions so ob¬ 
tained are shouTX in table 2. 

The compositions of the products, based on the results of the gas and liquid 
analyses, are given in table 3. The composition of the liquid products follows 
from the characteristics of the individual fractions given in table 2. In all cases 
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the first fraction was arbitrarily assigned a composition of 60 per cent 2,2,4-tii- 
methylpentane an^ 40 per cent lower paraffins. It must be admitted that this 
procedure is unsound but, with the exception of Series B runs, the boiling points 
and refractive indices of the first fractions indicate that they contained 2,2,4-tri- 
methylpentane; the nature of the other components is unknown. In view of the 


TABLE 2 

Fractionation of liquid products and properties of fractions 
Series A: runs at 80®C. 

Charge to distillation. 9.70 g., 100% of charge 

Distillate. 6.83 g., 60% of charge 

Residue. 1.67 g., 17% of charge 

Loss on distillation. 2.20 g., 23% of charge 



Series B: runs at 160**C. 


Charge to distillation 

Distillate. 

Residue. 

Loss on distillation.... 


7.99 g., 100% of charge 
4.75 g., 69% of charge 
0.92 g., 12% of charge 
2.32 g., 29% of charge 


rXACTlON 

NO. 


TEA CENT OF 
DISTILLATE 


MELTING AANGE 


? to -78 
-10 to 46 
-10 to 82 
6 to 91 
65 to 96 
75 to 98 
92 to 100 
9a to 100 
25 to 88 
5 to 30 i 


AEFAACTIVE 

INDEX 


HEXANE SOLUTION 
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TABLE 2—Concluded 
Series C: runs at 250^0. 

Charge to distillation. 7.80 g., 100 % of charge 

Distillate. 5.52 g., 70.9% of charge 

Residue. 0.34 g., 4.4% of charge 

Loss on distillation.•.. 1.94 g., 24.7% of charge 


FSACriON 

NO. 

PER CENT OF 
DISTILLATE 

BOILINC 

POINT 

MELTING EANGE 

SEPEACTIVE 

INDEX 

HEXANE SOLUTION 

C. 


i 


•c. 

•c. 


Pfif cent 


1 

11.1 

79.0 

-78 

1.3885 

63.9 

1.3880 

2 

10.5 

98.0 

? to -78 

1.3969 

61.7 

1.3906 

3 

9.2 

102.5 

0 to 15 

1.4000 

49.0 

1.3890 

4 

14.6 

101.0 

20 to 49 


40.9 

1.3874 

5 

9.6 

105.7 

80 to 93 




6 

12.7 

103.6 

96 to 100 




7 

10.9 

105.0 

98 to 100 


41.1 

1.3874 

8 

9.1 

1 103.8 

55 to 92 


50.4 

1.3904 

9 

8.5 

j 104.4 

10 to 54 


31.1 

1.3846 

10 

3.8 







attendant uncertainties only a rough estimate of the composition was passible, 
but an error of 20 per cent in the assigned composition could affect the analysis 
of the total liquid product by only 2 per cent. 

Fractions after the first may be assumed to contain not more than two com¬ 
ponents, both octanes. The analysis of these fractions is based on the refractive 

TABLE 3 

Analysis of products 
( 1 ) Product from runs at 80®C. 


(a) Liquid: 


FKACTION NO. 

PER CENT OF 
TOTAL 
DISTILLATE 

HEXAMETHYL’ 

ETHANE 

2,2.4-TRI- 

METHYLFEN- 

TANE 

2 , 5-dimethyl- 

HEX.4NE 

HYDROCARBONS 
LOWER THAN 
OCTANES 

1 

10.3 

0.0 i 

60.0* 

0.0 

40.0* 

2 

10.3 

23.0 

77.0 

0.0 

0.0 

3 

10.1 

34.0 

66.0 

0.0 

0.0 

4 

10.0 

45.1 

54.9 

0.0 

0.0 

5 

9.2 1 

71.4 

28.6 

0.0 

0.0 

6 

8.5 ’ 

70.9 

29.1 

0.0 

0.0 

7 

9.9 

96.5 

3.5 

0.0 

0.0 

8 

9.7 

72.0 

0.0 

18.0 

0.0 

9 

12.8 

61.1 

0.0 

38.9 

0.0 

10 

9.2 

76.9 

0.0 

23.1 

0.0 

Total distillate. 

100.0 

1 

55.4 

i 

29.7 

9.8 

5.1 


(b) Gas: Per cent CH 4 “5.8; per cent H 2 « 94.2 
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TABLE Z-Conclvded 


(2) Product from runs at 150”C. 

(a) Liquid: 


fSACtlON KO. 

FEE CENT OF 
•TOTAL 
DISTILLATE 

REXiUCSTHYL- 

ETHAKS 

2i2i4-tei- 

lIXTBYLfEN- 

TANS 

2 , S'DDCETSYL- 
HEXAME j 

KYD&OCAEBONS 
LOWS! THAM 
OCXAKX8 

1 

9.9 


60.0* 

0.0 

40.0* 

2 

10.5 

31.4 

68.6 

0.0 

0.0 

3 

7.0 


44.0 

0.0 

0.0 

4 

11.2 

63.4 

34.6 

0.0 

0.0 

5 

9.3 

69.1 

30.9 

0.0 

0.0 

6 

8.0 

76.4 

23.6 

0.0 

0.0 

■ 7 

8.2 

76.4 

11.8 

11.8 

0.0 

8 

8.6 

79.4 

0.0 

20.6 

0.0 

9 

9.6 


0.0 

26.0 

0.0 

10 

7.3 

95.6 

0.0 

4.4 

0.0 

10 (a) 

10.5 


0.0 

0.0 

0.0 

Total. 

100.0 

64.6 

25.8 

5.6 

4.0 


Q)) Oat; Per cent CH« — 4.0; per cent Hj — 96.0 


(3) Product from runs at 260”C. 


(a) Liquid: 


FXACTION NO. 

FEE CENT OF 
TOTAL 
DISTILLATE 

H£XAM£THYL> < 
ETHANE 

2,2,4-tbi- 

METBYLPEN- 

TANE 

2,5-DmETRYL- 

REXANB 

BYDEOCAEBONS 
LOWEE THAN 
OCTANES 

1 

11.1 

0.0 

60.0* 

0.0 

40.0* 

2 

10.5 

24.1 

76.9 

0.0 

0.0 

3 

9.2 

52.4 

47.6 

0.0 

0.0 

4 

14.6 

72.1 

27.9 

0.0 

0.0 

5 

9.6 

85.2 

17.6 

0.0 

0.0 

6 

12.7 

100.0 

0.0 

0.0 

0.0 

7 

10.9 

100.0 

0.0 

0.0 

0.0 

8 

9.1 

81.8 

0.0 

18.2 

0.0 

9 

8.5 

83.1 

0.0 

16.9 

0.0 

10 

3.8 

85.2 

7.4 

7.4 

0.0 

Total. 

100.0 

67.7 

25.9 

3.1 

3.3 


( 6 ) Gat; Per cent CH 4 — 8.9; per cent Hi — 91.1 


* Estimated values. 


indices of solutions containing known proportions of the mixed octanes in n- 
hexane. 

Details of the rate, quantum yield, and products of the reaction are given in 
table 4. The reaction rate was based on the number of moles of isobutane reac¬ 
ted and the quantum yield was derived accordingly from the known output of 
the lamp. 
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TABLE 4 


The mercury-photoBeneitized decompoBition of iaohuiane—results 
(Conditions as in table 1) 


RUM MO. 

AVERAGE 

WOREXMG 

PRESSURE 

REACTION RATE 
MOLES C 4 H 10 
REACTED SEC.“» 

QUANTUM 

YIELD 

PRODUCTS 

MOLES OP PRODUCT PER 100 MOLES CiHio REACTED 

Ht 

CHi 

CeHii 

C»Hm 


cm. Hg 







A1 

6.4 

1.6 X 10^ 

0.14 

49.5 



A2 

9.2 

1.8 X icr^ 

0.15 

45.0 


3.1 

A3 

10.7 

1.1 X icr* 

0.09 

50.5 

2.6 


5.6 

A4 

11.4 

1.1 X 10^ 

0.0 


2.6 


5.9 

A6 

21.8 

2.1 X 10^ 

0.18 

45.7 

26.7 


A6 

30.6 

2.1 X io-« 

0.18 

49.4 


4,5 

Average 


1.6 X IQr^ 

0.14 

49.8 

2.6 

32.7 

4.6 

B1 

5.0 

2.9 X 10^ 

0.24 

46.6 

1.9 

36.9 

3.4 

B2 

10.0 

2.3 X IQr^ 

0.17 

51.7 

2.3 



B3 

11.0 

2.6 X icn 

0.22 

51.9 

2.6 


4.3 

B4 

11.0 

3.2 X 10-« 

0.27 


1.7 


3.1 

B5 

11.0 

3.1 X icr« 

0.26 

48.4 


38.1 

3.3 

B6 I 

31.7 

2.3 X l(r* ! 

0.19 




Average 


2.7 X l(r* 

0.23 

48.9 

2.1 

39.8 

3.5 

Cl 

6.0 

1.0 X lOr^ 

0.09 

49.0 

4.8 

60.6 

1.7 

C2 

10.0 

2.6 X l(r* 

0.22 

43.9 

7.4 

40.9 

1.3 

C3 

10.8 

3,1 X 10~* 

0.27 

40.9 

3.1 

45.4 

1.5 

C4 

12.6 

3.2 X 10^ 

0,27 

4r.9 

6.9 

33.1 

1.1 

C5 

19.0 

2.6 X 10-« 

0.22 

45.0 

41.9 

1.1 

C6 

23.8 

2.6 X 10-^ 

0.22 

50.9 

50.1 

1.6 

C7 

27.0 

1.8 X 10-« 

0.16 

54.4 



C8 

27.8 

2.5 X 10“« 

0.21 

47.0 



C9 

32.9 

2.6 X 10^ 

i 0.22 

40.5 

4.3 

45.4 

1.3 

CIO 

41.8 

3.1 X 10^ 

1 0.26 

43.7 

2.8 

60.8 

1.4 

Cll 

51.4 

2.3 X 10-^ 

I 0.19 

42.8 

3.6 

52.6 

1 1.7 

Cl 2 

61.0 

3.6 X 10~» 

1 0.30 

41.0 

38.6 

1.2 

Average . 


2.6 X 10-* 

0.22 

1 

42.9 

4.6 

45.0 

1.4 


TABLE 5 
Yield of products 


UOLES OF PRODUCT PER 100 MOLES OF 
ISOBUTANE REACTED 



80*C. 

150-C. 

250X. 

Hydrogen. 

49.8 

48.9 

42.9 

Methane. 

2.6 

2.1 

4.6 

Heptanes and lower. 

1.7 

1.6 

1.4 

Hexamethylethane. 

18.2 

25.7 


2,2,4-Trimethylpentane. 

9.7 

10.3 

11.6 

2,5-Dimethylhexane. 

3.2 

2.2 

1.4 

Dodecanes. 

4.6 

3.5 

1.4 
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More precise details of the effect of temperature on the average yields of the 
individual products are given in table 5. The values are averages for the three 
series of runs and are based on the average values shown in tables 3 and 4. 

DISCUSSION 

The following characteristics of the reaction merit discussion: 

(i) The products of the reaction are almost entirely hydrogen, octanes, do- 
decanes, and higher paraffin hydrocarbons. 

(S) Only small amounts of methane and hydrocarbons lighter than octane 
were detected in the products, 

(3) The rate of the reaction and the nature of the products are independent of 
the working pressure of the hydrocarbon at all temperatures investigated. 

(4) The reaction temperature has little influence on the reaction rate but does 
affect the nature of the products. With increase of temperature the production 
of hexamethylethane increases while the production of dodecanes decreases. 

(5) The material balance shows a loss of material at low temperatures. It 
improves with increasing temperature and is almost perfect at 250®C. 

The effect of working pressure of isobutane on the course of the reaction is 
shown in table 4. It is seen that, at constant temperature, neither the nature of 
the products nor the rate of the reaction is influenced to any appreciable extent 
by a wide variation in the working pressure. In the type of system used it is 
known that quenching was essentially complete at the lowest pressure (6 cm.). 
Since the emission Ime is very narrow and the concentration of mercury vapor in 
the reactor relatively high, it would appear that pressure broadening could have 
little or no effect on the course or rate of the reaction. Hence the absence of 
pressure effect shows that none of the major reactions were significantly affected 
by the dreierstoss restriction, and that the relative proportions of isobutane and 
hydrogen, within the limits covered, in the reaction mixture do not affect the 
course of the reaction. This independence of the reaction on the proportions of 
hydrogen and paraflln is in agreement with the results obtained by Steacie and 
Dewar (15), who found that addition of hydrogen in the mercury-photosensitized 
reactions of propane did not change either the rate of the reaction or the nature of 
the products. 

The effect of temperature on the reaction is shown in tables 4 and 5. It is seen 
that the rate is increased by increasing the temperature from 80® to 150®C. but 
that further increase from 150® to 250®C. causes no alteration of reaction rate. 
The following changes in the products of the reaction with increasing temperature 
are considered significant; 

(a) Hydrogen: the yield decreases with increasing temperature above 150®C. 

(6) Methane: the yield increases with increasing temperature above 150®C. 

(c) Dodecanes: the yield decreases with temperature above 150®C. 

(d) Octanes: The variation in the production of the individual octanes with 
temperature shows that the initial C—H split apparently occurs on the primary 
C—as well as at the tertiary C—H bonds and that the extent of the latter 
split increases relative to the former with increasing temperature. 
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The most significant result of the investigation was the fact that the products 
of the reaction consisted almost entirely of octanes (and dodecanes) and 
hydrogen. Very little methane was found. This indicates clearly that the pri¬ 
mary reaction of the isobutane molecule is the production of the corresponding 
radical: 


+ Hg( 6 *Pi) = C 4 H, + HgH ( 1 ) 

followed by 

HgH = H + Hg( 6 %) ( 2 ) 

The production of the radical as the initial act is in complete accord with the 
mechanisms postulated for the photosensitized and hydrogen atom reactions of 
the lower paraffin hydrocarbons. 

In the early stages of the reaction the hydrogen atom produced in reaction 2 
will certainly enter into collision with an isobutane molecule, and the reaction 

H + i-C4Hio = C 4 H 9 + H 2 (3) 

has been sho^\^l by White, Winkler, and Kenalty (20) to occur readily. 

As the reaction proceeds and as hydrogen accumulates in the system, the re¬ 
action 


Bt -h Hg( 6 »Pi) - H + HgH (4) 

will assume increasing importance and, owing to the high efficiency with which 
hydrogen is known to quench Hg(6*Pi) atoms, will eventually be the major source 
of hydrogen atoms. In the later stages of a run it is evident that reaction 3 will 
be the main source of butyl radicals. 

The production of hydrogen atoms by a reaction between butyl radicals and 
hydrogen molecules 

C 4 H 9 + H 2 = C 4 H 10 + H (5) 

might be considered as probable in the later stages of a run, but the indications 
(5) are that reactions of this type do not occur readily below 160°C. and, as the 
hydrogen atom produced would probably react by reaction 3, the reaction can 
have little significance in the present investigation. The production of hydrogen 
molecules by recombination 

H + H + M = H 2 + M (6) 

cannot be regarded as important because of the dreierstoss restriction, the small 
probability of collision, and the fact that the rate of reaction in the present type 
of system is independent of the relative concentrations of paraffin and of hy¬ 
drogen. 

The production of octanes is most easily accounted for as the result of recom¬ 
bination of the butyl radicals: 

2 C 4 H 9 - CgHis 


(7) 
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These reactions are known to occur with little or no real activation energy (3) 
and have been postulated as responsible for the major products of photosensitized 
reactions. The only reasonable alternative to this reaction would be: 

C4Ha + C4H10 * CsHis + H (8) 

Reactions of this type have been estimated (16) to have an activation energy of 
40 to 50 kcal., so that reaction 8 would be improbable and, in any case, could not 
be postulated from any of the results obtained in the present investigation. 

The dodecanes probably are formed by the combination of butyl and octyl 
radicals, these latter bodies being produced by reactions similar to those given in 
equation 1 or 3 involving octane instead of butane molecules. By analogy with 
the results of Smith and Taylor ( 0 ), the octyl radicals may be produced also by 
the reaction 


C 4 H 9 + CgHig = C 4 H 10 + CgHn (8') 

since these authors consider that the activation energy of this type of reaction is 
less than 10 kcal. The reaction 

C4Hg + CgHig = CigHgg + H 

must be discounted for the same reasons as was reaction 8 and so cannot be re¬ 
garded as a source of dodecane. 

The presence of small amoimts of methane in the products requires some ex¬ 
planation. In past work on similar photosensitized reactions (4,15), as well as in 
the reactions between paraffins and hydrogen atoms produced by the discharge- 
tube method (13,17, 21), the methane was accounted for as the result of “atomic 
cracking'* reactions. In the present case these reactions would be: 


H + C 4 H, = CH, + C,H 7 

(9a) 

H + C,H, = CH, + C,H, 

(9b) 

H + CjH. = 2CH, 

(9c) 

The methane would then be formed by the combination of methyl radicals and 
hydrogen atoms in the presence of a third body: 

H + CH, + M = CH. + M 

( 10 ) 


The activation energies of reactions of the type of equations 9 a, 9 b, and 9c is low 
(about 5 kcal.) compared with that of the reaction of hydrogen atoms with iso¬ 
butane (3), w’hich probably is about 10 kcal. However, the much higher con¬ 
centration of isobutane should tend to counteract the disparity in activation 
energies and could account for the fact that only a small amount of methane was 
obtained. If the chance of a butyl radical colliding with a hydrogen atom is 
small, then the propyl and ethyl radicals produced in reactions 9a and 9b, which 
would be present in even smaller concentrations, should have progressively smal¬ 
ler opportunity for colliding with hydrogen atoms, so that the probability of the 
“atomic cracking" chain of reactions reaching completion must be slight. 
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It seems likely, from a consideration of the products of the reaction as well as by 
analogy with other similar reactions, that the fate of the propyl radical is to com¬ 
bine with butyl radicals to form heptanes, which were probably present in the 
liquid products, and the fate of the methyl radical is to react either with butane 

CHa + C4H10 = CH4 + C4H9 

or with hydrogen atoms in the presence of a third body. These reactions account 
satisfactorily for the composition of the products. The logical extension of the 
above series of reactions would be the combination of methyl and butyl radicals, 
since methyl and propyl radicals were probably present in approximately 
equivalent amounts. Such a reaction would lead to the production of nep- 
pentane which, because of its boiling point, should have been luadily detectable 
in the products. In spite of diligent search, no trace of neopentane could be 
found. Hence, if the above series of reactions do represent the course by which 
methane and heptanes are fonned, it must be concluded either that methyl radi¬ 
cals are more easily hydrogenated than are propyl, or that butyl radicals combine 
with propyl radicals more readily than with methyl. A consideration of the 
activation energies of the following reactions 

Vlh + H 2 = CH 4 + H S kcal. 

+ H 2 = C 2 H 6 + H E ^12 kcal. 

indicates that the greater velocity of hydrogenation of methyl as compared with 
ethyl radicals could account for the absence of neopentanc in the products. 

At high temperatures (250°C^) it is probable that the propyl radicals also de¬ 
compose thermally; 

C3H7 = C2H4 + CH3 ( 11 ) 

The ethylene would then combine with a hydrogen atom to form an ethyl radical 

C 2 H 4 + H = CaHs* (11a) 

which may be expected to contain a surplus of energy, as recognized by Rabino- 
vitch, Davis, and Winkler ( 6 ), and should therefore be even more liable to thermal 
decomposition than would be the normal radical at these temperatures. The 
decomposition of this ‘"hot” radical 

Cyifr* = CHa + CH 2 (lib) 

would then account for the incieased production of methane at 250®C. A 
similar instability of the butyl imlicals at 260®CI is also likely and would also 
account for the increased production of methane. This series of reactions is not 
subject to the same objections as were raised previously to the “atomic cracking’^ 
series, since the postulated decomposition of the intermediate radicals is not 
second order and since the chance of survival of the “hot” radicals produced as 
intermediates, and their subsequent reaction with the butyl radicals present, is 
probably very small. Hence the fact that the production of heptanes does not 
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in(»eB8e and that ndHier ethane nor propuae appears in tiie products at this 
temperature is not sui^riang. 

Tto apptuent inraease in the relative extent of the tertiary C—split in the 
primary act is surprimng at first flight, since all estimates show that the tertiary 
O—H txHid is significantly weaker than the primary. It might have been 
expected that the extent of the primary split relative to '^at of the tertiary should 
have increased witii increasing temperature. On the basis of the evidence pre¬ 
sented, it is therefore necessary to postulate some sectmdary act whereby the 
amount of hexamethytetihane in the products, relative to that of the other 
octanes, is increased with rise in temperature. An explanation may be offered 
<ni the basis of the negative temperature coefiScient of the producticm of 
dodecanes. 

Working with n-butane, Hay and Winkler (7) foimd a large amount of 
dodecane in their product at low temperatures and the production of dodecanes 
relative to octanes to decrease with increasing temperature. They explained 
tlieir results by assuming that the octyl radicals w'ere unstable at higher 
temperatures and decomposed, not by splitting off a methyl radical, but at the 
middle of the carbon chain with the production of a butyl radical and a molecule 

butene: 


C,H,r = C«H* + C 4 H, 

The butene produced is then hydrogenated to a butyl radical. This appears to 
be the only mechanism which will account for the behavior observed in their 
work. 

Steacie and Dewar (15) found that only small amounts of nonanes were formed 
in the mercury-photosensitized reactions of propane and that the production of 
nonanes increased with temperature. However, we understand that in those 
experiments the reactor was placed horizontally, a fact which may have allowed a 
significant percentage of the nonane (and higher hydrocarbons) to remain in the 
reactor at low temperatures instead of accumulating in the trap together with 
the lifter products of the reaction. 

In the isobutane reaction only three octanes are fonned. In producing the 
corresponding radicals it may be assumed that in any one molecule tertiary C—H 
bonds are broken more easily than the secondary or the primary. This assump¬ 
tion is in accord with the reported strengths of the bonds in question, and with 
the results obtained in the present study. Hence the following are the only 
octyl radicals that are likely to be formed in significant amounts: 

(CHj)jC : C(CH 3 )*CHj— from hexamethylethane 

(CHj)jC i CH 3 C(CH 8 )*— from 2,2,4-trimethylpentane 

(CH»)*CHCH 2 i CH*C(CH,)*— from 2,5-dimethylhexane 

The increased production of hexamethylethane with temperature found in the 
present study can be explained by a C—C split in these radicals at the point indi¬ 
cated by a broken line, to form 2-methylpropene (“isobutene”) in all cases and 
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either a primary or a tertiary butyl radical. These modes of decomposition are 
in agreement with the assumptions that the free bond in a radical confers un¬ 
saturation character to bonds involving the unsatisfied carbon atom and that a 
carbon chain breaks preferentially near the middle (2, 7). Since the most likely 
point of addition of a hydrogen atom to an olefin is at the most highly hydro¬ 
genated carbon atom, hydrogenation of 2-methylpropene would lead to the fur¬ 
ther production of tertiary butyl radicals. Increasing temperature increases the 
extent of the decomposition of the octyl radicals and consequently increases the 
production of tertiary butyl radicals. Since some of the octanes were produced 
originally from (CH 3 ) 2 CHCH 2 —, the net effect of increasing temperature is to 
increase the apparent extent of the initial tertiary C—H split. 

The improvement in the material balance obtained with increased temperature, 
shown in table 5, may also be explained by an argument similar to that 
used above. If we assume that at low temperatures there is little decomposition 
of the octyl radicals, there will then be a large production of dodecanes. It is 
reasonable to suppose that these compounds will then react further to produce 
the dodecyl radical, which will then react with butyl radicals to produce Cie 
paraffins. These paraffins have sufficiently high boiling points to condense on the 
walls of the reactor where, under the influence of excited mercury atoms, 
the}" would probably be converted to imsaturated high polymers with production 
of hydrogen. The excess of hydrogen in the products at low tcmpemtures tends 
to confimi this suggestion. The deficiency of hydrogen at 250°C. is probably 
due to an increase at these temperatures in the amount of radical decomposition, 
Mich as in equation 11, with accompanying increase in the production of methane. 

During a portion of this investigation one of us (B. dc B. D.) was retained on 
the staff of Messrs. Trinidad Leaseholds Ltd. We acknowledge their pennission 
to publish these results. 
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COMMUNICATION TO THE EDITOR 
Sir: 

Professor I. M. Kolthoff in a book review of More Acids and Bases (printed 
in the January issue of This Journal) has made a criticism which gives an en¬ 
tirely misleading impression of the contents of my portion of the book. He 
states that my terminology (using electrophilic to describe both acids and 
oxidizing agents and electrodotic to describe both bases and reducing agents) 
“may become the source of much confusion. For example, hydroquinone is 
ap acid, but a reducing agent, whereas quinone is a base, but an oxidizing agent. 
As a base, then, quinone is electrodotic in the terminology of Luder, but as an 
oxidizing agent it is electrophilic.” 

I do not see how anyone who had read the paper carefully could fall into such 
a trap—especidly any chemist already so familiar with amphoteric behavior as 
Professor Kolthoff. I had already used water as an illustration of the necessity 
of retaining the idea of relativity expressed by the word “amphoteric”. The 
following pan^puph quoted from the paper under criticism demonstrates the 
unfairness of the criticism: 

“It is an experimental fact that the same substance may under properly 
chosen conditions act as an acid, a base, an oxidizing agent, or a reducing agent. 
For example, water acts as an acid toward ammonia, as a base toward hydrogen 
chloride, as an oxidizing agent toward active metals, and as a reducing agent 
toward fluorine. Water is not only amphoteric but is both an oxidizing agent 
and a reducing agent. This is true of many other substances besides water. 
Most reagents cannot be arbitrarily classified as acid or base, oxidizing or re¬ 
ducing agent. Their behavior depends upon the specific circumstances of a 
particular reaction. Therefore, the words electrophilic and electrodotic are 
relative terms, depending upon conditions. They refer to the beha%'ior of a 
substance as it acts in the particular reaction under consideration.” 

W. F. Luder. 

Northeastern University 
Boston, Massachusetts 
February, 1945 
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COMMUNICATION TO THE EDITOR 

THE RARITY OF ZERO CONTACT ANGLES' 

When a liquid is found to wet a solid, it is conunon practice to assign the value 
0° to the contact angle between the liquid and the solid. This unfortunate habit 
of speech is still bringing confusion into the literature on contact angles. 

When two fluid phases A and B form a line of contact on a solid S, the magni¬ 
tude of the contact angle 9 is determined by the relative vtdues of the free inter¬ 
facial energies yabi ttab. and 7 bb- The interface between A and B will assume 



that position relative to the solid surface for which the resultant of 7 ab (con¬ 
sidered as an interfacial tension) along this surface balances the difference 
between 7 as and 7 bs. The establishment of contact equilibrium and a finite 
contact angle thus requires that 7 ab exceed the difference between 7 a 8 and 7 bs, 
that is, 

7ab > |7b8 7a8| (1) 

in which case 6 will be determined as 

7ab cos 6 == |7b8 "" 7a8| (2) 

In the borderline case where 7 ab precisely equals the difference between 7 a 8 
and 7B8f 7 ab will ally itself fully with either 7as or 7b8, whichever is the smaller, 
and a contact angle of 0° in A or in B will exist. It must be expected that only 
fortuitously will the energy relations at three independent interfaces balance so 
nicely as to result in a contact angle of 0®. 

In many instances either 7 a 8 or 7 b 8 exceeds the sum of its two associates, and 
the one liquid spreads over the solid to the exclusion of the other. While the 
spread layer in this instance may be difficult to distinguish geometrically from 
the infrequent case in which 6 is actually 0°, nevertheless the spread layer does 
not form a contact angle of 0° with the solid—in fact, it forms no contact angle 
at all, since no equilibrium line of contact can under these conditions be main¬ 
tained. Nearly all if not all of the systems reported as instances of aero cmtact 
angle are undoubtedly cases of no contact angle. This holds for two liquids 
against air as well as for two fluids against a solid. 

It is disconcerting that even recently these simple relationships are ignored 
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in discussions concerning contact angles, adhesion tensions, the wetting of solids, 
^^Antonoff's rule*’, etc. When a liquid A is found to displace a second liquid B 
ijtt contact with a solid S (or with air), it has been asserted that the contact angle 
is thereby established as 0°, and that the valid equilibrium relationship 

7bs = 7a8 + 7ab cos d (3) 

therefore (since cos ''0®** = 1) becomas 

Tbs = Tab + Tab (?) (4) 

as a demonstration of Antonoff’s nile, notwithstanding accurate measurements 
of Tbs, Tas, and 7ab (where S is air) to the contrary. 

Such predicaments will be avoided if we forego the use of the phrase “zero 
contact angle” except in those rare instances for which B actually is 0°. Water 
on clean glass shows no contact angle. “No contact angle” and “zero contact 
angle” are not synonymous. 

Interchemical Corporation David M. Cans. 

New York 11, New York 
September 27, 1944. 
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Valencyj Classical and Modern, By W. G. Palmer. 242 pp. Cambridge: The University 

Press, 1944. New York: The Macmillan Company, 1944. Price: $2.50. 

This little book is addressed primarily to students preparing for comprehensive exami¬ 
nations in chemistry, although it might be profitably read by many others. The auth(»r 
presents material which is included for the most part in the basic chemical courses in a dif¬ 
ferent organization, leading the student at the same time to review the subjects and to see 
new relationships which were obscured in the conventional organization of courses. 

This book is organized primarily on a historical basis, which makes it an interesting 
account of the human factors in the development of ideas. The first chapter gives the early 
history through Mendeldeff, and the second describes later developments up to the rise of 
electronic theories. The third chapter develops the classical chemical valence theory to the 
ultimate. Therein one naturally finds certain phenomena which are unexplainable without 
arbitrary additional postulates. In this development modern structural data are intro¬ 
duced; in fact, this represents a deviation from historical order. The fourth chapter then 
introduces modern electronic concepts and completes the discussion of typical cases chosen 
from light elements. 

The two remaining chapters consider the additional asi)ects of electronic theory with 
particular regard for heavier elements, including magnetic properties. Also, numerous 
recent developments, some still controversial, are included. 

The author’s presentation is excellent; his style is clear and easily read. Fact is clearly 
distinguishable from fancy. No typographical errors of consequence wore noted. The 
reviewer was pleased mth the full use made of structural data. As might be expected, there 
are a few controversial points where the reviewer does not agree with the view presented. 
Nevertheless he does not hesitate to recommend the book heartily. 

Kenneth S. Pitzbr. 
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The Photography of the Reciprocal Lattice. By M. J. Buerger. American Society for 

X-Ray and Electron Diffraction Monograph Series, No. 1. 6 x 9i in.; x + 37 pp.; 18 fig. 

Cambridge, Massachusetts; The Murray Printing Company, 1944. Price; $1.60. 

The purpose of the ASXRED Monograph Series is to take care of the publication of con¬ 
tributions within the sphere of interest of the American Society for X-Ray and Electron 
Diffraction which are too long to be acceptable in the ordinary scientific journals. 

Modern single-crystal x-ray diffraction techniques are based on the reciprocal lattice. 
This monograph discusses briefly the theory of photographing the reciprocal lattice without 
distortion, and describes a new instrument, the precession instrument, for taking such 
photographs. The interpretation of precession photographs is comparatively simple, since 
they are scaled photographs of the reciprocal lattice levels. Details of the technique, 
including the orientation of crystals, the accurate measurement of spacings, and the form 
of the Lorentz factor for the method, arc given. The precession method possesses impor¬ 
tant advantages over other methods for crystals with large cell dimensions. The exposures 
required are very short, the photographs are readily interpreted by inspection, and the 
method requires a less perfect crystal than other methods. The reviewer can foresee that 
this method in the future may well assume the importance which the Weissenberg method 
now enjoys in single-crystal technique. 

The printing, reproduction, and binding have been w'cll done with the exception of Fig. 
12, which unfortunately apjMJars to have lost considerable detail from the original. 

Harold P. Klug. 

General Sessions of the Academy of Sciences^ U. S. S. September^ 194S. 242 pp. 

A volume containing twenty-two papers (in Russian) presented at the meeting and 
biographical sketches of the members of the Academy and of its sponsors, Marshall Stalin 
and Secretary Molatov. 

S. C. Lind. 

The Chemical Industry. By Josephine Perry. 123 pp. New York: Longmans, Green 

and Co., Inc., 19*14. Price: $1.75. 

This volume is one of the scries of America at Work written by this author, and is pre¬ 
sented in popular style for the layman. In an attempt to cover the whole field, much of the 
material is too abbreviated and the language oversimplified, so that in many instances there 
is a lack of accuracy both in material and in terminology. The book is very readable and 
has many excellent photographic illustrations. It may give the uninitiated a fair picture of 
this very broad fitdd. It would have been much better to have tried to cover a few related 
industries and to have written several books on the whole field of chemical industry. 

Charles A. Mann. 

Quantum Chemistry. By Henry Eyring, John Walter, and George E. Kimball, vi -f 

394 pp. New York: John Wiley and Sons, Inc., 1944. 

The purpose of the authors, as stated in their preface, has been to present in a single 
unified treatment the basic principles of quantum mechanics and its applications to chemi¬ 
cal problems, in a reasonably complete fashion so that a serious student could acquire a 
solid foundation on which to build. The topics included arc indicated in the list of chapter 
headings: Introduction (largely historical); Principles of Classical Mechanics; Principles 
of Quantum Mechanics; Differential f^quations of Quantum Mechanics; Quantum Mechan¬ 
ics of Some Simple Systems; The Hydrogen Atom; Approximate Methods; Time-Dependent 
Perturbations and Radiation Theory; Atomic Structure; Group Theory; Electronic States 
of Diatomic Molecules; The Covalent Bond; Resonance and the Structure of Complex Mole¬ 
cules; Principles of Molecular Spectroscopy; Elements of Quantum Statistical Mechanics.; 
Quantum Mechanical Theory of Reaction Rates; Electric and Magnetic Phenomena; and 
Special Topics (van der Waals forces, the virial theorem, the restricted rotator). 

It will be seen from this list that considerably more topics are included than in other 
introductory te?^ts. The result has l>ccn, inevitably, that the book is written in a somewhat 
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severe mathematical style, with very few illustrations of practical applications of the 
topics discussed. Now it seems to us that in teaching quantum mechanics to chemistry 
students the dilemma has for one horn the deep penetration into the subject required to 
reach the chemical applications, which lie in an advanced region, and for the other horn the 
step<by-step introduction required by most chemistry students, who come to the subject 
without much helpful background in mathematical physics. We believe that the average 
graduate student in chemistry would profit from this text only in connection with a course 
of lectures designed to expand and illustrate the material studied. However, once *4ed 
into^’ the subject in such fashion, the student would, we believe, find this book most valu¬ 
able, for it would provide him with an introduction to almost all the quantum applications 
of interest to chemists—a thorough introduction from which he could go on intelligently. 
In this respect we might compare the book to Joos’s well-known Theoretical Physics, except 
for the omission of any problems. 

To comment on a few particulars: We were pleased to find an early introduction and free 
use of group theory. This mathematical tool is of great value in molecular problems, and 
gives generous dividends on the little effort required to master its application. Actually 
it is less subtle than the calculus—and, like that tool, can be easily applied to physical 
problems even without an understanding of the mathematical foundations. 

The chapter on reaction rate theory is not concerned with the application of the theory 
of absolute reaction rates to concrete reactions; it presents a rather careful derivation of 
the expression for the reaction rate together with quantum-mechanical investigation of its 
validity, particularly w'ith regard to the transmission coefficient. The same approach is 
to be found in the chapter on statistical mechanics. It is, of course, consistent w'ith the 
general purpose of the volume. 

On the other hand, the treatments of molecular energies (by both the molecular orbital 
and the Hcitler-London methods) and of molecular spectra, w^hile compact, are quite 
complete. 

To summarize, w'c feel that the authors have produced a book w'hich will be a valuable 
and welcome addition to the bookshelves of physical chemists, and which, w'hen supple¬ 
mented by illustrative lectures and problems, should make* a sound text for a thorough 
course in quantum chemistry. 

Bryce L. Crawford, Jr. 

Hydrogen Ions, Their Determination and Importance in Pure and Industrial Chemistry. By 

H. T. S. Britton. Third edition. Two volumes (420 and 443 pp.). New York: D. Van 

Nostrand Company, Inc., 1943. Price: $16.00. 

From the thermodynamic and physical-chemical point of view^ W. M. Clark's classic 
treatise, The Determination of Hydrogen Ions, is still the most exact one among the many 
texts which have been written on the subject. Britton's well-know'n book is of a somewhat 
different nature. Although the first volume deals mainly wdth the theory and methods of 
determining hydrogen-ion concentration, the main emphasis is placed on the part played 
by hydrogen ions in chemistry and in numerous technical processes (Volume II). The 
author's viewpoint is reflected in the Preface: “As much of the fundamental work on hydro¬ 
gen ions w'as carried out before the activity theory of electrolytes had gained wide accept¬ 
ance, and as the electrometric determinations of pH are usually made with cells in which 
liquid junctions exist and to which the modern theory is not strictly applicable, the theo¬ 
retical interpretation of the E.M.F. of such cells, given in the earlier editions, has been 
retaihed. To some, this procedure might appear unjustifiable, but the fact must not be lost 
sight of that the activity theory can only be rigidly applied to cells without transport, i.e., 
without a liquid junction, which type of cell is scarcely ever used for ordinary pH determina¬ 
tions. Whatever may be the true meaning of the pH value, there is no doubt that pH values 
will remain an invaluable means of accurately assessing the extent of the acidity or the alka¬ 
linity of a solution." Granting that the exact value of the hydrogen-ion activity of a 
solution will he forever unknown, it may be stressed that in many instances this value can 
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be measured with a close approximation, even though the two half-cells containing different 
electrolytes are connected by a salt bridge. 

Most of the data in the first volume are based on the out-dated assumption that conduc¬ 
tivity data in hydrochloric acid solutions yield the true concentration of hydrogen ions, 
although later in the same volume (pp. 253-294) the activity theory of solutions is discussed. 
It seems to the reviewer that it would be preferable to base the entire discussion on the 
modern theory of electrolytes and to interpret the older data in the light of the modern 
views. A more critical presentation of standard potentials of standard half-cells would also 
be desirable (compare, e.g., Table 4, p. 29; Table 7, p. 36; and Table 48, p. 263). The values 
of Kw given in Table 9 (p. 63) are no longer accepted as accurate; they could be replaced by 
more modern data. 

In the above the reviewer has emphasized what he considers to be the most outstanding 
weakness of Britton’s extremely valuable book. It is admitted that every author of a 
book on the determination of the hydrogen-ion (or any other ion) activity exposes himself 
to criticism, since its exact determination is a physical impossibility. An approximate 
determination is possible, and the approximate value obtained is of such importance in pure 
and industrial chemistry that a compromise between exact theory and approximate meas¬ 
urements is more than justified. 

The previous editions of Britton’s book are so well known and have served so many 
people engaged in ^‘pure” and ‘Industrial” research that the new edition hardly needs a 
recommendation. The present two-volume edition is even more valuable than its prede¬ 
cessors ; it is not only brought up to date but it also contains several new chapters not found 
in previous editions. The inorganic chemist will be well pleased with the various chapters 
in Volume II dealing with the fundamental importance of pH in inorganic chemistry. (The 
chapter on sulfides could be made more complete.) Chapters dealing with the importance 
of pH in leather manufacture, tanning, sugar manufacture, brewing, milk, hen’s eggs, 
baking, water, soils, ceramics, and textile and dye industries conclude the second volume. 
In connection with the chapters on milk, eggs, baking, etc., the introduction of a few concise 
chapters dealing with the significance of pH in enzymology (and in biochemistry in general), 
physiology, and bacteriology would make this important book still more useful to a wider 
circle of scientists. 


I. M. Kolthoff. 
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I. INTRODUCTION 

Current theories concerning the nature of membranes are primarily '‘perme¬ 
ability theories” focussed on the question of the‘penetration of various solutes 
through membranes. Much less attention has been paid to the solvent in con¬ 
tact with membranes, to its state in the latter, and to its fate during various mem¬ 
brane processes.* 

It is impossible to obtain a really clear picture of the nature and the function 
of a membrane without some insight into th6 latter questions; nevertheless, it is 
necessary at present to start investigations concerning the applicability of the 
various membrane theories to specific cases, beginning with the conventional 
concepts. 

In the subsequent sections of this paper various physicochemical approaches 
are used to elucidate the nature of collodion membranes in general, particular 
attention being paid to the much-investigated though still highly controversial 
dried collodion membrane. These studies were originally undertaken in order 
to be able to answer a number of specific questions concerning the functional 
behavior of collodion membranes. The present treatment attempts to put the 
several isolated facts together in a comprehensive manner. 

In the past, membrane phenomena have too frequently been treated in the 
abstract without considering their exact structural and kinetic bases. The ex- 

‘ Presented in abstract before the Division of Colloid Chemistry at the 108th Meeting 
of the American Chemical Society, New York City, September 14,1944. 

* One can easily conceive of membranes of homogeneous-phase type which are permeable 
to the solute but impermeable to the solvent. The osmotic phenomena to be expected under 
these conditions have never been discussed in a systematic manner, though this would ob¬ 
viously be desirable. 

A satisfactory kinetic theory of the osmotic processes which occur across membranes of 
porous character must coordinate the general concept of the activities of solvent and 
solute in solution ^nd the influence of hydrostatic pressure on these activities with the fol¬ 
lowing fact: With “semipermeable’’ membranes the hydrostatic pressure (under equilib¬ 
rium conditions) compensates the osmotic pressure of the solution, in the case of mem¬ 
branes of relativelj^igh porosity in the pores of which the normal hydrodynamic laws 
seem to hold tni|, as well as with membranes the pores of which are of molecular size and 
thus outside theirangetpf the normal hydrodynamic laws. The author hopes to be able to 
present a discutSfsiwo^his matter in the near future jointly with Dr. M. B. V^'isscher. 
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perimental results reported will, it is hoped, demonstrate that it is possible to 
investigate such phenomena as specific physicochemical problems and to estab* 
liah or eliminate the possibility of one or another mechanism operating to bring 
about observed effects, 

II. INDIVIDUAL DIFFERENCES IN ‘‘DRIBD’* COLLODION MEMBRANES 

In a preceding paper (12) it was indicated that the majority of investigators ‘ 
seem to be inclined to the view' that dried collodion membranes owe their charac¬ 
teristic properties to their microheterogeneous structure, i.e., to their porous 
character, though other prominent investigators prefer the view that dried col¬ 
lodion membranes should be considered to be closely similar to, if not identical 
with, oil phases. Experiments which could throw decisive light on this question 
were therefore highly desirable. 

There is one well-known observation which can throw considerable light on the 
mechanism of the electrolyte permeability of dried collodion membranes (16). 
Dried collodion membranes cast in the conventional way from the same solution 
give widely varying concentration potentials. This effect is particularly pro¬ 
nounced with membranes prepared from electrochemically inactive preparations. 
Though they are of fairly uniform thickness, different membranes may show' con¬ 
centration potentials which vary by more than 100 per cent, the potentials across 
the individual membranes being very constant and easily reproducible over long 
periods. It can be shown readily that this effect is not due to any cracks or other 
imperfections of some of the membrane. 

The homogeneous-phase theory cannot conceivably account for this variability 
in electromotive behavior. All specimens of a homogeneous phase must of 
necessity have the same properties. The homogeneous-phase theory must 
assume equivalence or at least statistical equivalence of all actual or virtual 
molecular interstices (the only ones which exist in a homogeneous phase) and 
likewise equivalence of all the characteristic groups which determine the electro¬ 
chemical behavior of the membrane. A structural theory, however, can easily 
explain the observed facts; differences in aggregation and orientation of molecules 
and micelles could easily account for the uncontrollable variation in the prepara¬ 
tion of the individual membranes. According to such a theory one must think 
of the membranes as having a ‘‘micellar-structurar^ constitution as opposed to 
the molecular-structural constitution of a perfect crystal or a liquid, the emphasis 
being more on the nature of the interstices than of the structure-forming physical 
elements. 

III. EXPERIMENTS TO APPRAISE THE RELATIVE MERITS OF THE HOMOGENEOUS- 
PHASE THEORY AND THE STRUCTURAL THEORY AS APPLIED TO DRIED 
COLLODION MEMBRANES 

The following line of reasoning has also served as a basis for exp)erhnents de¬ 
signed to be helpful in a decision between the homogeneous-phase theory and the 
micellar-structural theory as applied to the dried collodion membrane (16). A 
number of dried collodion membranes are prepared under standardized conditions 
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in the conventional maimer on the inside of test tubes from the same solution of 
electrochemically inactive collodion (state I). The mean characteristic concen¬ 
tration poiiential across a representative group of these membranes is determined. 
Next, the membranes are ‘'activated'^ by oxidation (state II), as described pre¬ 
viously (12,13), and the mean concentration potential of a representative number 
of these membranes is determined. The remaining majority of the membranes 
in state II is dissolved in the same solvent mixture as used originally. Dried 
collodion membranes are prepared from this solution (state III); as before, the 
concentration potentials across these membranes are measured and the mean 
value noted as in the former cases. The concentration potentials across the 
membranes in states I, II, and III are compared. 

The homogeneous-phase theory would predict that the properties of the mem¬ 
branes in state II and state III are substantially identical, since the properties of 
an interpha.se which behaves like a homogeneous phase should be independent of 
its history. No rearrangement of molecules or micelles, brought about by any 
means, should be able to alter the properties of membranes prepared from the 
same material. 

The micellar-structural theory would predict A distinct difference between state 
11 and state III. According to this view, the diasociable groups which are intro¬ 
duced by oxidation are mainly con^ned to certain more accessible structural 
elements, i.e., the surfaces of those particles which form the pore walls. When 
the membrane is dissolved, the elements which are the cause of the characteristic 
properties of state II are mixed with the whole mass of the membrane material. 
If new membranes are now prepared from this solution (state III), the concentra¬ 
tion of the active groups at the accessible points is necessarily reduced as com¬ 
pared with state II. 

In order to demonstrate the anticipated effect most clearly, the activation 
should be stopped just at the time when maximum or nearly maximum concen¬ 
tration potentials are obtained. Too thorough o.xidation must necessarily lead 
to diminution in the expected effect. 

In two scries of experiments seventy membranes w ere cast (state 1): the charac¬ 
teristic concentration potentials across ten of them, selected at random, were 
mea.sured, the mean being 27.5 and 30.4 mv,, respectively. The two batches of 
seventy membranes each were oxidized to a different degree (state II). Twenty 
of these membranes were selected at random from each batch, and the mean char¬ 
acteristic concentration potential acro.ss them was determined; with the one 
series it was 49.9, with the other series 51.3 mv. The fifty remaining membranes 
of each batch were dissolved in the same solvent mixture which had been used for 
preparation of the original membranes, and dried collodion membranes were pre¬ 
pared in exactly the same manner as originally (state III). In the one series 
thirteen such membranes were obtained, in the other .series twenty. The mean 
characteristic concentration potential of the membranes in state III was 26 mv. 
in the series which had undergone less oxidation, and 37.7 mv. in the more highly 
oxidized series. In the first series the characteristic concentration potentials in 
state I and state TI are identical within the limits of experimental and statistical 
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error; in case of the mqre highly oxidued series tilie concentration potential 
in state III, thou^ significantly hi^er than in state I, is much lower than in 
state II. 

In an analogous third series the membranes were oxidized very stnmgly. In 
agreement with expectaticm, the average ccmcentration potential of the mem¬ 
branes in state III in this series was rather high, about 49 mv. 

Since the properties of a homogeneous phase should not be influenced by a re¬ 
arrangement of its constituent particles, these results strongly indicate that the 
homogeneous-phase theory cannot hold true in the case of the dried collodion 
membrane. The experimental results agree excellently with the predictions of 
the micellar-structural theory and seeiii to provide clear evidence that the char¬ 
acteristic behavior of dried collodion membranes in solutioixs of strong inorganic 
electrolytes is due to the micellar character of its electrochemicaily important 
interstices. 
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Fig. 1 


Fig. 2 


Two simple membrane structures; highly schematized 


IV. THE THICKNESS EFFECT 

Prior investigators have always made the assumption, tacitly or explicitly, that 
thicker membranes show the same characteristic behavior as thinner membranes 
of the same general character, all processes across them, of coui’se, occurring 
more slowly. Thus it has been generally assumed that the characteristic con¬ 
centration potential across dried collodion membranes must be independent of 
the thickness of the membrane (20). Since, as we shall see below, the concen¬ 
tration of the electrically important dissociable groups is very small, the question 
arose w^hether there is a sufficient number of active groups available to supply 
each of the possible pathways across the membrane with at least one such active 
group. If the critical groups are really scarce, the chance of this latter occur¬ 
rence, generally speaking, should diminish with decreasing thickness of the mem¬ 
brane, though this need not necessarily be the case (17). 

Figures 1 and 2 present in highly sch^natic maimer two possible ways of vis¬ 
ualizing the distribution of the active groups and the thickness effect. We as- 
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sume, in agreement with the best available information, that a dissociable group 
in a narrow pore prevents the passage of an ion of the same sign, but allows the 
passage of oppositely charged ions; pores of proper dimensions having no such 
charged groups allow the passage of both anions and cations. In the figures the 
membrane substance is indicated by striation; spots which carry a fixed charge 
and thus prevent the passage of ions of the opposite sign are denoted by asterisks. 

Figure 1 shows the simplest conceivable structure of a porous membrane. 
Figure la, representing a unit thickness of membrane, shows every other pore 
blocked for the passage of ions, the ratio of the free to the geometrically possible 
pathways thus being 0.5. It is easy to see that the number of pathways free to 
the permeation of ions of the same sign as that of the fixed dissociable groups de¬ 
creases in a geometrical series as the thicknes.s of the membrane increases in an 
arithmetical series. The theoretically possible maximum value of the concen¬ 
tration potential could be reached w'ith such membranes if thev are sufficiently 
thick. 

However, this kind of very simple beha^dor is by no means necessarily inherent 
in membranes which have a structure; another possibility is showm in figure 2. 

Figure 2a represents a unit layer of membrane, 50 per cent of the pores being 
blocked; figure 2b shows a possible assembly of two such layers which allow a free 
cross connection of the pores between two adjacent membrane layers. If an 
electrolyte diffuses through su(;h a membrane, this space will soon be filled with 
an electrolyte solution, the concentration of which is somewhere between the 
concentrations of the solutions on the two sides of the membrane. It is easy to 
see, and we have also developed the idea in detail (17), that the potential across a 
membrane of this character is independent of the number of unit layers from which 
the membrane is built up, i.(‘., it is independent of the thickness of the membrane. 

Thus we see that the cross connections between different pores influence the 
behavior of membranes profoundly. According to the micellar-structural theory, 
therefore, the relative freciuency of the blocking groups and of the branchings of 
the pores sliould be the paramount factors determining the electrochemical be¬ 
havior of dried collodion membranes. 

The membrane structures represented in figures 1 and 2 may be considered in 
some respects as the two possible limiting cases of an infinite variety of possibili¬ 
ties. The micellar-structural theory must therefore be considered to be com¬ 
patible with dependence or independence of the concentration potential upon 
membrane thickness. The homogeneous-phase theory would under all circum¬ 
stances predict independence of the concentration potential of the thickness of 
the membrane. 

Since, as said above, the concentration potential across dried collodion mem¬ 
branes of identical thickness varies greatly, the question of the existence of a 
thickness effect could only be decided by the use of statistically significant num¬ 
bers of membranes. We therefore have used, as required by the circumstances, 
up to twenty membranes to determine the average characteristic concentration 
potential arising across membranes of different thickness prepared from collodion 
of various electrochemical activities. 
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Bag-sbaped membranes were prepared in the conventional manner on the in^ 
side of test tubes. In order to obtain membranes of different thickness, collodion 
solutions of various concentrations (2,4,6,8, and 10 per cent) in the same solvent 
mixture were used. To obtain very thick membranes we have in a few instances 
superimposed several layers of collodion on top of one another. Figure 3 gives 
the mean characteristic concentration potentials obtained with the various 
membranes. 

The results of the experiments represented in figure 3 may be summarized as 
follow^s: The concentration potential is a function of the membrane thickness with 
all the collodion preparations which were investigated. With membranes pre¬ 
pared from electrochemically active collodion, membranes of 15 to 20 m thickness 
give potential values which closely approach the thermod 3 niamically possible 
maximum. With inactive collodion preparations the potential values obtained 



Fig. 3. The correlation between the thickness of various dried collodion membranes and 
the characteristic concentration potential 0.1 N potassium chloride-0.01 N potassium 
chloride across them. 

with thin membranes are lo\v; they increase with increasing thickness of the 
membranes and reach constant values w^ell below the thermodynamically pos¬ 
sible maximum when 20 to 30 m thick; still thicker membranes do not yield sig¬ 
nificantly higher concentration potentials; there is no indication that the thermo¬ 
dynamically possible maximum value could be obtained with membranes of any 
thickness. 

The assumption that the concentration potential is independent of membrane 
thickness does not therefore hold true in the case of the dried collodion mem¬ 
branes. These results are incompatible with the predictions of the homogeneous- 
phase theory; they are compatible with the micellar-structural theory. How¬ 
ever, neither of the two simple pictures of membrane structure represented in 
fixtures 1 and 2 fully agrees with the results. 

Though with active collodion preparations the thermodynamically possible 
maximum value can be approached with increasing membrane thickness, the 
shape of the thickness-potential curve does not fit the predictions of the theory. 
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With inactive preparations there is first an increase in the potential with in¬ 
creasing membrane thickness qualitatively (though not quantitatively), as can 
be predicted on the basis of figure 1. With still thicker membranes, however, a 
constant potential value is reached, as predicted in a qualitative manner by the 
assumptions which underlie figure 2. The real situation is obviously more com¬ 
plicated, somewhat in between the two extremes represented by figures 1 and 2. 
In a tentative way one may explain the observed facts on the basis of the as¬ 
sumption of highly active surface layers which with thicker membranes enclose 
zones of low specific activity. This picture, however, has not yet been proven 
experimentally; it must therefore be considered to be of an entirely hypothetical 
nature (17). 

V. WATER UPTAKE AND SWELLING OF COLLODION MEMBRANES 

It is impossible to have a clear picture of the structure of a membrane if it is 
unknown whether it is permanent and rigid or whether it undergoes changes when 
it is immersed in different solutions. Water and aqueous solutions of inorganic 
and organic compounds are generally believed to exert no specific influence on 
collodion membranes, but this point has never been proven definitely. Concen¬ 
trated solutions of most organic compounds are known to swell collodion mem¬ 
branes appreciably. Michaelis (9, 20) assumes that the dried collodion mem¬ 
brane behaves as a rigid porous structure which shows no trace of swelling; water 
and aqueous solutions are supposed to enter the membrane by filling preformed 
pores. Manegold (6), who has carried out extensive ph 3 ^sical investigations on 
collodion membranes, states specifically that dried collodion Is non-swelling in 
water. Experimental proof for this statement, however, could not be found; 
it seems to be questionable in view of the well-known hygroscopicity of col¬ 
lodion, which was investigated by Northrop (11) for the specific case of the dried 
collodion membrane. 

The questions which need an answer under these circumstances are: (1) How 
much water does a completely dried collodion membrane take up when placed in 
water? (£) Does this water uptake cause an^" detectable change in the volume 
of the membrane? (5) Do dried collodion membranes swell or shrink when trans¬ 
ferred from water to solutions of strong electrocutes? (4) Do “porous” collodion 
membranes swell or shrink when transferred from water to solutions of strong 
electrolytes? (1) 

For this work the conventional thin bag-shaped collodion membranes were 
useless; fairly thick flat sheets had to be used in order to be able to make the 
necessary measurements. The membranes were prepared by pouring collodion 
solution on glass plates which floated on mercur 3 \ To obtain dried membranes 
the solvent was allowed to evaporate completely; to obtain porous membranes of 
50 to 60 volume per cent water content, the drying was interrupted after 90 min. 
The dried membranes, 0.10 to 0.15 mm. thick, after being cut to standard size 
are kept in a desiccator; the porous membranes are kept in water. 

The volume of the membranes was determined with a pycnometer filled with 
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mercury, the <Hxly liquid we know that would not wet tiie membranes. The 
wdght determinations were earned out in weiring bottles. First, the volume 
and the wei^t of a d^ydrated dried m^ibrane were measured; next, the man- 
brane was placed in water ac the solution under investigation. After a measured 
length of time it was removed from the liquid, blotted free of surface liquid, and 
weight and volume determinations were carried out. This process was repeated 
at intervals till equilibrium was obtained. 

It became apparent immediately that the behavior of dried collodion mem¬ 
branes is less simple than is generally supposed. The membranes in equilibrium 
with water showed a volume increase of 5 to 11 per cent, depending on the brand 
of collodion used. 


0 » 



Fig. 4. Weight and volume increases of dried collodion membranes prepared from vari¬ 
ous collodion preparations on contact with water. 

In order to visualize the quantitative meaning of the observed weight and 
volume increases, they were reduced to the standard unit of 1 cc. of dry mem¬ 
brane. The weight and volume increases are expressed in milligrams and cubic 
millimeters, respectively, for 1 cc. of dry collodion. 

In figure 4 are plotted the weight and volume increases against the immersion 
time obtained with membranes prepared under very similar conditions from 
several brands of collodion. Membranes prepared from the same collodion but 
under different conditions show small though significant differences in weight and 
volume increase. Unoxidized and oxidized (activated) collodion (not shown in 
the figure) of the same origin show identical water uptake and swelling when pre¬ 
pared under identical conditions. 

If a dried collodion membrane is transferred from water to a solution of an 
inorganic electrolyte, no weight or volume changes can be determined with cer¬ 
tainty, nor can any be determined when the membranes are transferred back 
to water. 
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‘^Porous'^ collodion membranes do not exist in an air-dry state; one can 
measure only the weight and volume change on transfer from water to electrolyte 
solution and back into water. There is no change of volume under these condi¬ 
tions, and the observed weight changes are quantitatively accounted for by the 
differences in specific gravity of water and solution filling the pores. 

The following conclusions can be drawn from these experiments: Contrary to 
the general assumption, dried collodion membranes swell on wetting with water, 
the extent of the swelling varying with different brands of collodion. 

On wetting with water, dehydrated dried collodion membranes undergo funda¬ 
mental changes; the air-free and the water-^vetted dried membranes are struc¬ 
turally different entities. Once wetted with water the dried collodion mem¬ 
branes, as well as the always water-wet porous membranes, do not undergo sig¬ 
nificant structural changes when transferred from water to solutions of strong 
inorganic electrolytes. They can be considered under these conditions as rigid 
structures which do not show a specific swelling effect in aqueous solutions of the 
typical strong inorgi^iic electrolytes. 

In all cases the water uptake is in excess of the volume increase. This differ¬ 
ence (34 to 46 cmm. per cubic centimeter of dry collodion) could be taken as a 
measure of the true porosit}^ of these membranes, if one did not have to take into 
account the compression of water and other minor effects. An evaluation of the 
known factors indicates that a substantial fraction, probably the greater part, of 
the difference between the weight and volume increases can be taken as a measure 
of the pore space. How much, however, of this pore space is available for the 
typical membrane functions cannot be evaluated on the basis of the data pre¬ 
sented. We hope to carry out such studies at a later date with megapermselec- 
tive membranes (12). 

When studying the swelling of dried collodion membranes in solutions of or¬ 
ganic vsubstances it was found that the behavior of collodion membranes under 
these conditions is much less simple (15). The swelling of dried collodion mem¬ 
branes in solutions of organic electrolytes and non-electrolytes is not uniform, 
as in the case of water and the strong inorganic electrolytes, but depends on the 
nature and concentration of the solute, as can be seen in figure 5. 

The solutions of typically ‘‘hydrophilic^’ substances, e.g., glycerol, glucose, 
and citric acid, swell collodion membranes only to the same extent as water and 
solutions of strong electrolytes. In solutions of typically carbophilic substances 
(e.g., butyric acid, valeric acid, isobutyl alcohol, valeramide, phenol, and m- 
nitrophenol), the swelling of the membranes is much stronger than in w^ater, de¬ 
pending on the concentration of the solute. For the brand of collodion used 
(Baker Collodion U.S.P.) the swelling in 0.5 M solution was in some cases as high 
as 26 per cent of the original volume, as compared to 6 per cent in water. There¬ 
fore, in these solutions the “water-wetted dried” collodion membrane is not rigid, 
inert, and non-swelling, but behaves as a swelling membrane. 

The solutes which cause an increased swelling of the membranes are accumu¬ 
lated in the latter, the degree of accumulation being markedly parallel with the 
degree of their specific swelling action (15). 
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The anomalously hig^ permeabilities of certain carbophilic organic sdutes 
reported by Michaelis (10), Collander (3), and Hdber (5) find an explanation in 
the specific interaction of these substances with collodion. 

The inv^gation of swelling and water uptake of collodion membranes defines 
Ibe range of conditions within which collodion membranes may be used as models 
of ideal non-swelling membranes of porous character. They can be used as such 
models only in those instances in which no specific interaction occurs between the 
solute and the collodion. 



Fig. 5. Weight and volume increases of dried collodion membranes on contact with aqueous solu¬ 
tions of various organic substances. 


VI. THE NATURE OF THE PERMEABILITY OP DRIED COLLODION MEMBRANES 

In the foregoing sections the assumption was made tacitly, in the conventional 
manner, that the interstices of a membrane of porous character are accessible to 
the solvent, and that correspondingly the solute molecules within the pores are 
present in an aqueous medium. The water in the pores may be somewhat 
changed by the forces emanating from the pore walls; nevertheless, it is generally 
assumed essentially to retain its material properties. 

There is little reason to doubt the correctness of this picture in the case of the 
collodion membrane. Water molecules are small, actually smiller than nearly 
all possible solutes; moreover, collodion is wetted by water. From the work of 
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Collander (3), Michaelis (9), and others we know that, at least with non-electro¬ 
lytes, the size of the molecules is the factor which determines their chances to 
penetrate dried collodion and similar membranes.® 

Membranes having a fixed structure must not, however, necessarily behave like 
collodion membranes. Glass membranes, e.g., undoubtedly do not contain pre¬ 
formed channels which can be filled with water and through which certain 
hydrated ions may move. The mechanism of the transportation of material 
particles in such membranes is apparently an anhydrous process. Ions moving 
through the solid, amorphous, or crystalline structure of such a phase are not 
hydrated.^ 

That the movement of ions in dried collodion membranes is a process in which 
the aqueous medium which fills the pores is strongly involved is also indicated by 
the following consideration: The unhydrated Li"^ ion is much smaller than the 
unhydrated Na*^ or ion, the ionic diameters of the unhydrated ions being 
0.60, 0.95, and 1.33 A., respectively. In aqueous solutions, i.e., in the hy¬ 
drated form, the Li“^ ion is the largest and the K"*" ion the smallest, with the Na*^ 
ion taking an intermediate position; this is evident from the equivalent conduct¬ 
ances of these ions: 33.4, 43.5, and 64.6 for Li'*', Na"^, and respectively 
(at 18^C.). 

Thus one might expect that the Li"^ ion would penetrate an anhydrous inter¬ 
phase easiest and fastest on account of its smaller size, and Na+ ion more easily 
than K"** ion. However, the opposite is true with collodion membranes. Li"^ 
ions penetrate through collodion membranes more slowly than Na+ ions, and 
Na"^ ions more slowly than K+ ions, as was shown conclusively by Michaelis and 
collaborators (9). The differences in the rates of penetration of the three ions are 
actually much greater than those found in aqueous solutions. This finds its 
obvious explanation in the fact that many pores which are large enough to allow 
the penetration of those ions which are smallest in the hydrated state, i.e., K**" 
ions, are not accessible to larger ions, such as the hydrated Na"^ ions or the still 
larger Li"^ ions. Gregor (4) has lately furnished very clear evidence that the 
relative ease of penetration of the different ions can be changed by changing 
slightly the porosity of dried-type colhxiion membranes. One therefore must 
conclude that collodion membranes in contact with aqueous solutions of salts of 
the strong inorganic bases allow the penetration of the cations in the hydrated 
form, i.e., by means of an aqueous mechanism, the hydration of the ions deter¬ 
mining their effective size. 

VII. BASE-EXCHANGE CAPACITY AND ACID NUMBER OF COLLODION 

In a preceding paper (12) it was pointed out that—aside from the pore struc¬ 
ture—the charge density at the collodion-solution interface is the ultimate factor 

« Experiments on the rate of diffusion of DHO, “heavy water/’ through such membranes 
would be highly desirable. 

* Whether or not ions moving through glasses or solid crystalline phases like silver iodide 
move with equal ease across all the possible points in such phases or along preformed lines 
of irregularities is immaterial for our further discussion. The second of the two possibili¬ 
ties mentioned undoubtedly is realized w’ith crystalline materials. 
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determimng the electrochemical behavior of membranes of porous character. 
This general concept was actually used some time ago by Teorell (19) and 
Meyer and Sievers (7, 8) in some very interesting attempts to put the theory of 
electrochemical membrane behavior on a quantitative basis. 

The charge density of a given surface is identical with its exchange capacity per 
unit area. The base-exchange capacity of collodion in the fibrous state and of 
collodion membranes under various conditions was studied, in order to see how 
far the general concept of what one may call the ‘‘fixed-charge theory*' is sup¬ 
ported by the facts (18), and how far the Teorell, Meyer-Sievers theoretical 
concepts hold true (17a). The inherent acidity—^the “acid number"—of different 
collodion preparations, i.e., the equivalent weight of these preparations, was also 
studied ki this connection (14). 

Base-exchange experiments are usually carried out in the following manner: 
First the material to be investigated for its base-exchange properties is brought 
into a well-defined chemical state by saturating it with cations of a single kind. 
For experimental reasons it is advisable to bring the material into the state of 
free acidity, either by treatment with hydrochloric acid or by electrodialysis. 
Known quantities of such material are brought into contact with a neutral salt 
solution. The hydrogen ions from the exchange body are replaced by the other 
cations in the solution, and the latter becomes acid. The quantity of titratable 
hydrogen ions in the supernatant solution represents the actual base exchange, 
if no complicating reactions occur. If a relatively concentrated electrolyte solu¬ 
tion is used for this exchange, it is complete within the limits of experimental error 
on the first treatment of the exchange body with the neutral salt solution. The 
free acid in solution can be determined either by titration or electrometrically. 
The difficulties and limitations of this method when it is applied to very small 
quantities, as in the case of collodion, have been discussed critically elsewhere 
(14,18) and therefore need not be considered here in detail. The base-exchange 
values in table 1 are given in milliliters of 0.01 N sodium hydroxide per gram of 
dry collodion; the lowest of these values must be considered to be fictitiously 
high (14,18). 

The acid number, and therefore also the mean equivalent weight, of a collodion 
preparation can be determined by bringing it into the state of free acidity, as dis¬ 
cussed before, and titrating samples of this material dissolved in a suitable or¬ 
ganic solvent (alcohol-acetone) with alcoholic potassium hydroxide solution 
(14). The corresponding values are given in table 1 under the heading “acid 
number" and are expressed in milliliters of 0.01 N potassium hydroxide per gram 
of dry collodion. 

The last two columns of table 1 give a measure of the electrochemical activity 
of the various collodion preparations. 

The results of the experiments listed in table 1 and the conclusions based on 
these experimental data can be summarized briefly as follows: High base-ex¬ 
change capacity is always found with preparations of great “electrochemical 
activity"; medium and low base-exchange capacities occur with electrochemically 
active as well as with inactive preparations. The acid numbers, expressed in 



PHYSICAL CHSaaSTRT OF MEMBRANES, n 


183 


milliliters of 0.01 N potassium hydroxide per gram of dry collodion, vary from 
1.0 for a highly purified collodion preparation of very low electrochemical ac¬ 
tivity to 3.3 for a highly oxidized sample of very high activity. Acid numbers of 
about 1.5 (corresponding to an equivalent weight of about 67,000) are found both 
with inactive commercial and with fairly active oxidized preparations. The 

TABLE 1 


Acid numberf base exchange, and activity of various collodion preparations 


(1) 

(2) 

(3) 

(4) 

1 (5) 

1 (6) 




BASE EX¬ 
CHANGE (48 
HR.) ML. 0.01 
N NaOH PER 
GRAM OF DRV 
COLLODION (CAL¬ 
CULATED FROM 

pH values) 

1 ELECTROCHEMICAL ACTIVITY 

NO. 

BSAND 07 COLLODION AND PSETSEAT- 
MENT (all 7KEPAVATI0NS WESE 
PKECXPITATED 7R01C ETBSK-ALCOHOL 
SOLUTIONS AND DRIED) 

(corrected 

TOR ash) ml. 

0.012^ KOH 

PER GRAM OF 
DRV COLLODION 

Osmotic rise 
with 0.25 U 
sucrose 

Anomalous 
osmotic rise 
with if/512 
£rS04 





mm. 

mm. 

1 

Mallinckrodt ‘^Parlodion/* 

1.2 

0.0016 

110 

36 


commercial preparation 



120 

40 





127 

45 

2 

Mallinckrodt ^Tarlodion,*' 

1.0 

0.0013 

108 

28 


boiled 8 hr. in 90% alcohol 



110 

IS 


(two alcohol changes) 


1 

114 

22 

3 

Baker Collodion U.S.P., 

1.5 

o.oai 

115 

52 


commercial preparation 



121 ; 

40 





130 

60 

4 

Oxidized collodion; (Baker 

3.3 

0.26 

130 

145 


Collodion Cotton, ‘Ty- 



140 

138 


roxylin^O oxidized 48 hr. 
with 1 M NaOBr and boiled 



158 

178 


several times with water 





5 

Oxidized collodion (No. 4), 

2.9 

0.11 

135 

180 


washed eight times with 



144 

145 


95% alcohol 



158 

172 

6 

Oxidized collodion (No. 4), 

2.8 

0.0066 

122 

1 137 


washed sixteen times wdth 



138 

145 


95% alcohol 



148 

155 

7 

Oxidized collodion (No. 4), 

1.6 

0.0066 

1 135 

125 


boiled 3 hr. with 90% 



140 

134 


alcohol 



150 

120 


base-exchange capacity of the same preparations in the fibrous state (as meas¬ 
ured after 48 hr. of exchange time) varies from 0.0013 ml. of 0.01 N sodium 
hydroxide per gram of dry collodion for the most inactive preparation up to 
0.26 ml. of 0.01 N sodium hydroxide per gram for the most active preparations. 
Thus the acid numbers over the whole range investigated differ only in the ratio 
of 1:3.3, whereas the base-exchange values differ in the range of 1:200. 
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In the inactive preparation only one in 770 acid groups is available for bate 
exchange, in the most active collodion one group in 13; values between these 
extremes are found with commercial and alcohol-purified oxidized preparaticms. 

The high base-exchange capacity of the electrochemically active preparations 
is not so much due to their higher acid number as to their more open structure. 
This difference in structure can be ascribed to the presence of a small fraction of 
low-molecular-weight material, which inhibits normal formation and arrange¬ 
ment of the collodion micelles. 

So far we have considered the base-exchange data which correspond to the base 
exchange as obtained after prolonged contact of the electrolyte solution with the 
various collodion preparations. The base exchange which is obtained on short 
contact of the collodion with the electrolyte solution is much lower (14, 18), 
owing to the fact that fibrous collodion has not only easily accessible outer sur¬ 
faces but also inner surfaces which are accessible only with difficulty; in addition, 
there may be also some slow base exchange from the interior of the micelles. 
Since the electrochemical properties of the collodion membranes are usually 
established after short contact of the membranes with electrolyte solutions, we 
are actually more interested in the magnitude of the short-time base exchanges 
than m final, long-time base-exchange values. Unfortunately, short-time base- 
exchange studies yield rather poorly defined and somewhat arbitrary base- 
exchange values. Nevertheless, this much can be said: short-time base-exchange 
experiments with fibrous collodion indicate that the number of acid groups which 
in membranes would be available for the typical electrochemical membrane func¬ 
tions may be estimated to be about 50 to 1000 times less numerous than those 
found in the 48-hr. base-exchange experiments discussed before. On the basis of 
these experiments with collodion in the fibrous state it can be estimated that 
even with the most active collodion preparations not more than one in 500 acid 
groups may be available for the typical membrane functions; with the less active 
preparations, this ratio can be estimated to be only one in 1,000,000 or more. 

It may be added parenthetically that these figures can be taken as a measure of 
the discrepancy between the real situation and a fundamental postulate of the 
homogeneous-phase theory as applied to the dried collodion membrane,— 
namely, equivalence of all critical groups. 

VIII. AN EXPERIMENTAL TEST OP SOME ASPECTS OF THE TEORELL, MEYER-SI EVERS 
THEORY OP ELECTROCHEMICAL MEMBRANE BEHAVIOR 

The experimental results which have been discussed in the foregoing section 
were in many respects contrary to the original expectation and, more important, 
seemed to be incompatible with the Teorell and Meyer-Sievers theories. An 
attempt was therefore made to clarify the situation on a quantitative basis. 
The base exchange of membranes was compared with what should be an identical 
or at least a similar value calculated according to the Teorell (19) and Meyer- 
Sievers (7, 8) theories on the basis of potentiometric measurements. 

A short exposition of these theories must be given. In essence the two con¬ 
cepts are identical. The Teorell, Meyer-Sievers theory is today the outstanding 
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example of an attempt to put on a rational basis the most important electro¬ 
chemical function of membranes,—^namely, their electromotive action. Since 
this theory is highly involved, it is preferable to give a short outline of it as pre¬ 
sented by Meyer (7) in a condensed form stripped of everything that is not of 
primary importance here. 

. Consider a membrane consisting of an acid high>molecular substance, for instance 
of pectin chains, of which the carboxyl groups have been neutralized with metallic cations, 
e.g.y potassium ions. The membrane then possesses fixed anions and mobile cations. The 
cations may therefore be displaced if a supply of others is maintained from one side: the 
membrane is cation permeable. The concentration of the fixed anions, calculated in gram 
equivalents per litre of the imbibed liquid, is a quantity characteristic for each membrane 
which we will call the ‘selectivity constant,* A . If now the membrane be immersed in a salt 
solution, both ions of the salt will penetrate into it; the equilibria then obtaining may be 
calculated from the Donnan equation: the actual membrane behaves like a solution bounded 
by two ideal Donnan membranes through which the fixed ions cannot pass. . . . ** 

“. . . If a current is passed across the membrane, the transport of the electricity will be 
divided between the two kinds of mobile ions in accordance with the relative numbers of ions 
passing through the membrane. The ratio, nc/riA between the numbers of cations and of 
anions traversing the membrane, which we will call the ratio of the transport or ‘traversal* 
numbers, may be determined by the same methods as those used for the determination of 
transport numbers in a solution, nc/wx depends on the rates of migration of the mobile 
ions an<l on their number; as mentioned above, the latter is dependent on the concentration 
of the ions in the surrounding liquid. We then obtain 

^ ^ 0/ + ^ \/4c«-f A*-h A ^ ~>R 

Ua^V Ua ^ 4c8 4 -^ A 

where l/cand Va are the rates of migration, c the molar concentration of the salt in the sur¬ 
rounding liquid, and A the selectivity constant. . . ** y is the concentration of mobile anions 
in the membrane. 

The quotient UdU a and the selectivity constant of a membrane “can be determined by 
measuring the traversal numbers at different concentrations. The potentiometric method 
is the best; the potential set up when the membrane separates two solutions of the same salt, 
but of different concentrations is measured, the absolute concentrations being varied in 
such a way that their ratio is kept constant. When there is no ionic selectivity the poten¬ 
tial is determined only by the quantity Uc/Uaj which is dependent on the absolute con¬ 
centration; the greater the value of A as compared with the external concentration, the 
more marked will be the ionic selectivity. 

Ay the selectivity constant, and Tc/f/.! . . . can be quantitatively determined... 
graphically. . . . 

Curves are constructed plotting as ordinates the potential differences (“£'“) measured 
between two solutions of the same binary electrolyte, the concentrations (ci, C 2 ) of w^hich 

A 

are always as 1:2, and as abscissae the quantity Jog —* For an electrolyte, the two ions of 

Cl 

which have equal mobilities in the membrane (i.e., Uc/Ua 1), a certain curve will then 
be obtained, while other values of UcIUa will result in other curves ....** (The calcu¬ 
lated curve for Uc/Ua =« 1 is given below in figures 6 and 7.) 

“ ... To determine A and Uc/Ua for an unknown membrane it wdll then only be neces¬ 
sary to determine several values of E for different absolute vales of Ci, the concentration 
Ci being always kept equal to 2ci. The observed values of E are then plotted against Ci 
(ordinates) using the same co-ordinates as before, and then the experimental curve is dis¬ 
placed sidevrays (parallel to the abscissae) until it has been successfully brought into co- 
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incidence with one of the curves already drawn; interpolation may be necessary in this 
procedure. In this way UcIUa is determined, the value depending only on the shape of 
the curve. The amount of the displacement as read off on the abscissa gives log A, and 
therefore A. ... ** 

The quantity A , according to Meyer and Sievers, can thus be determined on the 
basis of potentiometric measurements. Values obtained in this manner are 
designated as Ap, 

On the other hand, A by definition is the concentration of the fixed ions in the 
aqueous part (pore space) of the membrane, or more correctly the concentration 
calculated from the number of equivalents of anions (or anionic groups) fixed 
immovably to the pore walls, divided by the pore space (in liters) of the same 
membrane. 

Electrically these anions are compensated for by an equivalent quantity of 
cations. These cations—potassium ions in the example given by Meyer—can be 
replaced by other cations if the membrane is brought into a suitable electrolyte 
solution. 

If one is able to determine the base-exchange capacity of all the pore walls in a 
membrane, i.e., the base-exchange capacity of the membrane, and if one knows its 
pore space, one is able to calculate the A value of the Meyer and Sievers theory, 
A being the base-exchange capacity in equivalents divided by the pore volume in 
liters. The A values which are calculated from base-exchange studies are 
denoted Ab- 

If the theoretical assumptions on which the theory is based are correct, Ap 
derived from potential measurements must be identical with Ab derived from 
base-exchange studies. 

The main question which one can hope to decide by the comparison of the two 
selectivity constants is whether the Teorell, Meyer-^ievers theory is inherently 
a correct representation of the physical facts which lie behind the observable 
potential-concentration relationships, or whether it is only a formal way of bring¬ 
ing the latter relations into a fictitious, formally correct framework. 

Two kinds of measurements were performed with the same membranes: First, 
the potentiometric studies were made; then the base exchange of the same mem¬ 
branes was determined, and in order to obtain the water content, the wet and dry 
weights of the membranes were measured. From these data the selectivity con¬ 
stants, Ap and .4^, were obtained as explained in principle above. Since the de- 

® The water content of collodion membranes represents only a maximum value for the 
available pore space. Some water, undoubtedly, is *‘bound*^ to the collodion and'not 
available for the typical membrane fimctions. With ‘‘porous*' membranes of high water 
content the fraction of “bound" water is negligibly small; with dried membranes the 
“bound" water may be a sizable fraction of the total water content (see C. W. Carr and 
K. Sollner: J. Gen. Physiol. 27, 77 (1943)). In the calculations reported below, which in¬ 
volve the pore water content of the membranes, the assumption is made that the total water 
content is pore water. If we make the exaggerated assumption that 50 per cent of the 
water content of the “dried" membranes is “bound" water, the figures for cases No. 1-4 in 
colunrn 3 of table 2 would be twice as large as given, and the figures in column 6 would be 
half of the present values. This, however, would in no way affect the essence of the conclu¬ 
sions which will be drawn below from these figures. 
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tails of tbe experimental work involved and of the calculation methods used will 
be published shortly elsewhere (17a), not many details need to be given here. 
Figures 6 and 7 show in a graphical manner the results of experiments with mem¬ 
branes prepared from various collodicm preparations and also indicate how in a 
graphical manner the selectivity constant, A,, is obtained. Ai, is determined 
from the base-exchange capacity of the membranes and their known water con¬ 
tent.* Tables 2 and 3 contain these magnitudes together with the ratio Ap/A j. 



Fig. 6. Potential-log -- curves of “dried'' and “porous" membranes prepared from various collodion 

Cl 

preparations. 


According to the Teorell, Meyer-Sievers theory, Ap/Ah should be 1, or, con¬ 
sidering the uncertainties of the theory, this ratio should not deviate too strongly 
from unity. A glance at the last column of tables 2 and 3 shows that this ratio 
is spread over three orders of magnitude, varying from 0.08 to 107; in the ma¬ 
jority of the cases it is greater than 30. 

In evaluating the meaning of the Ap/Ah ratio, two facts must be considered. 
It was shown repeatedly (14, 18) that the long-time base-exchange values, as 
they are used in tables 2 and 3, are much higher than those obtainable after the 
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shorter periods which it takes the membranes to assume thdr final electro¬ 
chemical properties. Therefore one may estimate that the Ai values which 
determine the functicmal behavior of the membranes are only 5 to 20 per c«rt of 
those given in tables 2 and 3. Correspondingly, the Ap/At values would be 
about toi times greater. In addition there is anotho* factor which tends to in¬ 
crease this discrepancy in the case of the membranes having only a very low 
base-exchange capacity. In these cases the ili values are fictitiously high; the 



-2 -I 0 . +2 +3 +4 

Fig. 7. Potential-log — curves of “oxidised membranes” of various porosities 
Cl 


true base exchange cannot be determined accurately with the available methods 
on account of difficulties discussed elsewhere (14,17a, 18). For this reason alone, 
A i values may easily be 10 or even 100 times lower than those given in table 2. 

It is therefore a conservative estimate that the Ap/Ai, ratio in the case of the 
membranes having low base-exchange capacity is two, probably three, orders of 
magnitude smaller than given in the table; in the case of the membranes witih 
hijdi base-exchange capacity the Ap/At, ratio is probably not much less than one 
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order of magnitude smaller than represented in the table. Considering this, we 
find that a reasonable agreement between the A, and the Ai, values exists only 


TABLE 2 

Att and Ap valuee of membranes prepared from various collodion preparations 


(1) 

MO. 

(2) 

BtltMD or COLLODION AND TYPE OP 
MEMBRANES 

(3) 

WATER CONTENT 
OF MEMBRANES 

(4) 

Ab 

CALCULATEED 
PROM BASE' 
EXCHANGE DATA 

(5) 

Ap 

OBTAINED FROM 
EXPERIMENTAL 
POTENTIAL 
CURVES OF 
FIGURE 6 

(6) 

d£ 

Ab 



volume per cent 

equivalents per 
liUr XIO* 

equivalents per \ 
liter XIO* 1 


1 

Purified “Parlodion**; dried 






membranes. 

8.2* 

<1.4* 

48 i 

> 34* 

2 

Baker Collodion U.S.P.; dried 






membranes. 

10.5* 

<1.5* 

100 

>67* 

3 

Oxidized collodion; dried mem> 






branes. 

10.5* 

<1.4* 

150 

1 >107* 

4 

Oxidized collodion, purified; 




1 


dried membranes . . 

10.5* 

<1.6* 

100 

1 >62* 

5 

Purified *Tarlodion’*; porous 






membranes... . 

80 

<0.05 

0.8 

>16 

6 

Baker Collodion U.S.P.; porous 




1 

1 


membranes 

75 

<0.02 

1.5 

, >75 

7 

Oxidized collodion; porous 




f 

1 


membranes... 

79 

0.3 

2.0 

j 6.7 

8 

Oxidized collodion, purified; 






porous membranes. 

77 

<0.045 

1.5 

; >33 


* Compare footnote 5. 


TABLE 3 

and Ap values of various ^^oxidized membranes*^ 


(1) 

(2) 

U) 

(4) 

(5) 1 

(6) 

NO. 

CONCENTRATION OF 

alcohol used for 

SWELLING OF MEM> 
BRANES BEFORE 
OXIDATION 

WATER ( ONTENT OF 
MEMBRANES 

Ah 

CALCULATED FROM 
BASE-EXCHANGE 
DATA 

Ap 

OBTAINED FROM 
EXPERIMENTAL | 
POTENTIAL CURVES I 

OF FIGURE 7 j 

Ap 

Ab 


per cent 

volume per cent 

equivalents per 
liter XIO* 

equivalents per | 
liter XIO^ ' 


1 i 

85 

17 

330 

560 : 

1,8 

2 

90 

24 

220 

170 

0.77 

3 

95 

62 

78 

6 

0.08 


in one case, No. 3 of table 3. In all other cases the disagreement varies between 
relatively low figures and figures as high as 10,000 or more. 

It does not seem to be without significance that the disagreement between the 
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A p and A 5 values is the smaller the greater the porosity of the ndembranes and the 
higher their base-exchange capacity. 

The attempt to verify the Teorell, Meyer-Sievers theory as applied to a 
variety of collodion membranes by the comparison of selectivity constants ar¬ 
rived at on the basis of two different, experimentally independent methods has 
failed completely. We shall discuss in a subsequent paper the probable signifi¬ 
cance of this disagreement. 


SUMMARY 

1 . Various new experimental approaches furnish proof that the characteristic 
behavior of ‘^dried’’ collodion membranes with solutions of inorganic electrolytes 
and those non-electrolytes which are not strongly adsorbable must be explained 
on the basis of the porous, micellar-structural character of these membranes. 
The homogeneous-phase theory of membrane permeability cannot be applied to 
dried collodion membranes. 

2. Air-dried ‘^ried” collodion membranes swell slightly when immersed in 
water. No specific swelling effect is observed with solutions of strong inorganic 
electrolytes and those organic compounds which are but weakly adsorba le; 
within these limits water-wetted dried collodion membranes behave as rigid non¬ 
swelling structures. Adsorbable solutes in many instances cause pronounced 
specific swelling. The behavior of highly porous collodion membranes towards 
the solutions of the various solutes is analogous to that of the dried membranes. 

3. The dissociable groups located in the interstices of the membranes which 
determine the electrochemical behavior (‘^activity^O of collodion membranes can 
be determined by base-exchange measurements. The base-exchange capacity of 
various collodion preparations in the fibrous state, as measured after 48 hr. of 
exchange time, varies from 0.0013 ml. of 0.01 N sodium hydroxide per gram of dry 
collodion for the most inactive preparation up to 0.26 ml. of 0.01 N sodium hy¬ 
droxide per gram for the most active preparation. High base-exchange capacity 
is always found with preparations of great ‘‘electrochemical activitymedium 
and low base-exchange capacities occur with electroohemically active as well as 
with inactive preparations. 

4. The inherent acidity of various collodion preparations, their “acid num¬ 
ber,” was determined by electrometric titration. Collodion in the acidic state 
was titrated in an organic solvent mixture with alcoholic potassium hydroxide, 
using a quinhydrone electrode. The acid numbers, expressed in milliliters of 
0.01 N potassium hydroxide per gram of dry collodion, vary from 1.0 for a highly 
purified collodion preparation of very low electrochemical activity to 3.3 for a 
highly oxidized sample of very high activity. Thus the acid numbers over the 
whole range investigated differ only in tbe ratio of 1:3.3, whereas the base- 
exchange values differ in the range of 1 : 200 . 

5. The high base-exchange capacity of the electrochemically active prepara¬ 
tions is due not so much to their higher acid number as to their more open struc¬ 
ture. 
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6 . Short-time base-exchange experiments indicate that in membranes prepared 
even from the most active collodion not more than one in 500 acid groups may be 
available for the typical membrane functions; with the less active preparations 
this ratio is estimated to be as high as one in 1,000,000 or more. 

7. The Teorell, Meyer-Sievers theory characterizes the electrochemical be¬ 
havior of membranes by their selectivity constant Ap, which is derived conven¬ 
tionally from concentration potential measurements at various concentration 
levels. The selectivity constant may, however, be derived also from entirely 
independent, different experimental data,—namely, base-exchange studies. 
The constants arrived at in this second way are designated as -4 &. The selec¬ 
tivity constants derived by these two methods must be in reasonable, at least 
semiquantitative agreement if the basic assumptions of the theory are correct. 
The selectivity constants Ap and ^4^ were determined for eleven different sets of 
membranes of different electrochemical activity and of different (8.2 to 80 vol¬ 
ume per cent) water content. The potentiometric selectivity constants Ap 
are in most cases several orders of magnitude greater than the corresponding 
A b values. With membranes of great porosity and high electrochemical activity 
the A h values approach at least in order of magnitude the Ap values. The cause 
of the unexpectedly large discrepancy betwe^en the Ap and A h values will be dis¬ 
cussed in a subsequent paper. 
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Most proteins of current or potential industrial importance are in the molecu¬ 
lar sense compact, almost globular structures as they occur in nature or as they 
are isolated by laboratory or commercial procedures. While the structure of 
none of the proteins is known in detail,itisawidely held view that, fundamentally, 
the molecules are chainlike (1, 12, 25) but are normally maintained in a coiled 
configuration by interaction among the numerous polar groups. Opportunity 
for interaction between molecules is thus minimal. If the molecules were un¬ 
coiled and fixed in a linear form, the number of intermolecular bonds would be 
far greater, and the mechanical properties of objects such as fibers, films, and 
plastics made from the altered proteins should be much improved. This is not 
merely conjectural, for filaments of the natural fibrous proteins, silk and colla¬ 
gen, are far stronger and tougher than filaments of unoriented globular proteins. 
Casein fiber is now in commercial production, and experimentation is being con¬ 
ducted in several laboratories on the preparation of fiber from soybean and 
peanut proteins, zein, and other globular proteins. Fiber prepared in the con¬ 
ventional way from an alkaline dispersion has in general been somewhat deficient 
in dry and wet strength and gives no evidence of molecular orientation in its 
diffraction pattern. It is the purpose of this paper to describe experiments by 
which conversion of several globular proteins to the fibrous form has been accom¬ 
plished and to give some of the properties of filaments made of the converted 
protein. 

Observations of Carothers and Hill (9), Sookne and Harris (27), Mark (19), 
and others indicate that the length of an extended linear polymer molecule, as 
measured by the average degree of polymerization (D. P.) or molecular weight 
(M. W.), must exceed a critical minimum if fibers of usable pliability and strength 
are to be prepared. For the polyester of w-hydroxydecanoic acid, Carothers 
and van Natta (10) found the limit to be between M. W. 10,000 and 15,000 or 
D. P. about 60 to 90. This corresponds toalength of 800 to 1200 A. For cellu¬ 
lose and for polyamides the figures are roughly the same, while for hydrocarbons 
the D. P. for corresponding tensile strength is considerably higher because of 
the weakness of the interaction between non-polar groups. In all these linear 
polymer molecules, side groups are either completely absent or, if present, are 
small, are alike, and are spaced at regular intervals along the chain. On stretch¬ 
ing, the molecules are readily oriented and form quasi-crystalline arrays in which 
segments of adjacent molecules match one another rather perfectly. Within 

^ Parts of this paper were presented at the Conference on Textiles held at Gibson Island, 
Maryland, July 12, 1944, and at the 108th Meeting of the American Chemical Society, 
New York City, September 12,1944. 

2 One of the laboratories of the Bureau of Agricultural and Industrial Chemistry, Agricul¬ 
tural Research Administration, United States Department of Agriculture. 
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these crystalline regions the potential energy tends toward a minimum, and 
intermolecular cohesion is correspondingly increased. 

The molecular weight of globular proteins ranges from about 15,000 to several 
million (29). As measured, it indicates the weight of the eifective kinetic units 
in sedimentation, osmosis, or diffusion, or the weight of crystallographically 
equivalent constituents in the unit cell as determined by x-ray analysis. It does 
not necessarily give any indication of the molecular weight, the degree of poly¬ 
merization, and the maximum length of the polypeptide chain or chains contained 
in the molecule, and for our purposes these are the significant quantities. For 
example, the molecular weight of hemoglobin is about 68,000. Of this, 2500 
units are due to the four associated haems. On treatment even with as mild a 
reagent as aqueous urea, hemoglobin splits into halves of molecular weight 
approximately 34,000. From a partial structure analysis, Boyes-Watson and 
Perutz (8) have proposed that the hemoglobin molecule consists of four substan¬ 
tially equal and parallel layers of polypeptide chains, with the main chains folded 
in the plane of the layers and the side chains extending at right angles to them. 
The position of the haem groups is unknown. If this model is correct, it is evi¬ 
dent that the upper and lower pairs of layers are not joined by a peptide or other 
strong bond. Whether the paired layers are themselves linked by a strong 
covalent bond is not certain. If they are not, one would expect to be able to 
split the pairs into halves of molecular weight 17,000. Thus far, there is no 
report that hemoglobin from the higher animals has been dissociated into frag¬ 
ments of this size, but the hemoglobin of the cyclostomata, containing one haem 
per molecule, has a normal weight of 17,000 (28). 

Molecular-weight measurements of globin derived from normal (68,000 M. W.) 
hemoglobin are not helpful, because globin readily forms loose association com¬ 
plexes and apparently it is the weight of the complex rather than the weight of 
the individual molecule that is usually found (24). Chibnall (11) has recently 
presented what seems to be good e^idence that hemoglobin (68,000 M. W.) 
contains sixteen peptide chains. These may or may not be of similar size and 
constitution. From what has been said above, it is probable that not more than 
eight chains are firmly bonded together. If eight chains were joined by strong 
bonds adjacent to terminal amino groups to make a continuous chain of weight 
34,000, the latter would have a D. P. of about 320, and if extended would be 
1050 A. long.® This should make a satisfactorily strong, tough fiber. It is im¬ 
portant to note that in globular proteins about half the total weight is in the side 
chains, so that a fully extended 34,000 M. W. molecule would be much shorter 
than a molecule of rubber, 6-6 nylon, or polyvinyl alcohol of equal molecular 
w'eight, but would be comparable in length to cellulose. The effect of smaller 
D. P. and chain length on intermolecular cohesion may, however, be partly or 
fully compensated for by the large proportion of polar groups in both the main 

* The average residue weight for globin is 106 (Chibnall (11)). Dividing 34,(XX) by 106 
gives for the D.P. a rough value of 320. The length of the extended chain is computed by 
multiplying D.P. by 3.3 A., the fiber repeat distance found in /?-kcratjn and in globular pro¬ 
teins converted to the fibrous form. 



Id4 F. B. SENTI, m. J. €OFtBnr AND O. C. NXmTNO 

and the side chains. If the chains pack regularly^ as they do in collagen, a strong 
structure results. 

Should the eight polypeptide chains in the hemoglobin half-molecule be linked, 
not end-to-end, but through cross-bonds, the length of fully extended chains 
would be correspondingly shorter, and conceivably no usably strong fiber could 
be made from hemoglobin regaidless of how perfectly the chains might be oriented 
and packed. Taking an extreme case of sixteen equal polypeptide chains with¬ 
out covalent links, the D. P. and maximum length of each chain would be about 
40 and 120 A., respectively. These values are much smaller than the minimum 
values for usable fibers quoted earlier. 

Chibnall (11) has concluded similarly that molecules of edestin (M. W. 
310,000), insulin (35,000), ovalbumin (43,000), and lactoglobulin (42,000) are 
systems of six, eighteen,^ about four, and nine peptide chains, respectively. It is 
well known that edestin in urea solution splits into fragments having a molecular 
weight of about 50,000. Apparently, then, edestin contains single peptide 
chains having a weight of 50,000, amply long for our purposes if they are not 
cross-bonded or degraded.^ For the other proteins listed, no reliable estimates 
of the effective D. P. can be made, since the mode of linking of the constituent 
peptide chains is unknown. It is clear, however, that for these globular proteins, 
which may probably be regarded as typical, the highest possible D. P. does not 
greatly exceed the permissible minimum for forming fibers of good quality. As 
a corollary it follows that the process of unfolding and orienting the chains, and 
all other procedures applied to the protein, may have to be mild if ruinous chain 
degradation is to be avoided. 

Astbury, Dickinson, and Bailey (2), working with edestin, first described the 
conversion of a globular protein to the fibrous form. By a different method 
Palmer and Galvin (22) and Lundgren and O'Connell (18) produced the same 
result with ovalbumin. Through wmrk done in this laboratory still other means 
have been developed for converting globular proteins to a fibrous form in which 
the peptide chains are unfolded, oriented, and regularly arranged in space. One 
such means (21, 26) involves, essentially, heating the protein in the presence of 
waterfollowed by mechanical treatment such as stretching to extend and orient 

* Chibnall, taking 35,000 for the molecular weight of insulin, computed that there are 
eighteen chains in the molecule. The recent work of Miller and Anderson (J. Biol. Chem. 
144, 459 (1942)) indicates that the molecular weight of insulin is actually about 46,000. By 
using this value rather than 35,000, the number of polypeptide chains per molecule is raised 
to twenty-four. 

‘ Adair and Adair (Biochem. J. 28, 199 (1934)) suggest from mosasurements of membrane 
potentials that edestin on mild acid hydrolysis is split into fragments of molecular weight 
approximately 17,000. Bailey (Biochem. J. 86, 140 (1942)) has found the sedimentation 
constant of a similar edestin preparation to be 2.6 X lO""**. Correction for electroviscosity 
would raise this value and would indicate *that the molecular weight of the sedimenting 
particles is roughly 40,000 to 50,000. If the molecular weight were 17,000, the sedimentation 
constant would be about 1.8 X 10”**, or less if there were appreciable electroviscosity. It 
appears to us that there is no conclusive evidence that the edestin submolecule of M: W. 
50,000 breaks down into 17,000 M. W. fragments. 

* It has been found that heat as an agent in effecting the transformation from the globu¬ 
lar to the hbrous state may be supplanted by a variety of chemical agents. A brief report of 



FIBROUS FROM GLOBULAR PROTEINS 


195 


tbe chains. Primary evidence that the conversion has been accomplished is 
provided by x-ray observations. The processed protein gives a typical ‘^fiber 
diffraction pattern” which is remarkable in its similarity to the fiber pattern of 
the jS-keratin of feathers and stretched hair. Among the globular proteins which 
we have thus converted to the oriented fibrous form giving the jS-keratin diffrac¬ 
tion pattern are casein, lactoglobulin, zein, hemoglobin, soybean protein, peanut 
protein, ovalbumin, edestin, tobacco-seed globulin, pumpkin-seed globulin, 
gliadin, and the albumin, globulin, and mixed proteins of horse serum. 

PREPARATION OF SPECIMENS 

Coarse fibers or bristles made by extrusion were convenient specimens for 
orientation. Suitable mixtures for extrusion were made from the more soluble 
proteins by mixing the powdered material with approximately half its weight of 
water. Pumpkin-seed globulin and other water-insoluble native proteins were 
taekified by incorporating about 1 per cent of sodium chloride with the protein- 
water mixture. Casein filaments were extruded at 95®C. from a briefly heated 
mixture of casein and water. Zein and gliadin were precipitated from alcoholic 
solution by addition of water. After washing with water, they were readily 
extrudable. 

Thin sheets, plate.s, and small rods formed by conventional methods were also 
used as specimens. In making the plates, forming and heat treating were done 
simultaneously in a press. The heat treatment was usually given close to 100°C. 
Filaments of readily denaturable proteins such as lactoglobulin, serum albumin, 
the oil-seed globulins, and ovalbumin were simply kept in boiling water for 5 to 
30 min. Filaments of casein, zein, and gliadin were conditioned in water 
vapor at 0.5-1.0 atmosphere pressure for several hours. During the heat treat¬ 
ment the filaments become tough and rubbery and so coherent that they may in 
general be stretched a considerable amount before fracture occurs. Changes in 
molecular structure that take place simultaneously will be discussed in the sec¬ 
tion on diffraction effects. Since the heat-conditioned proteins are decidedly 
viscous, application of shear stress provides the most obvious means of producing 
molecular orientation. Stretching has been utilized almost exclusively, because 
it is a convenient techniejue and because it is possible without undue difficulty to 


initial observations has already been made (21). Of the several proteins thus far examined, 
ovalbumin has been outstanding in the variety of reagents found that may substitute the 
thermal treatment. As judged by several tests, the mode of interaction of protein with 
both heat and the chemicals is similar. Ovalbumin filaments soaked in, for example, 75 
per cent ethanol, or in boiling water become insoluble, elastic, and structurally so composed 
that they can be stretched to several times their initial length. The stretched filaments 
have much increased tensile strength and are pliable when dry. They arc positive-bire- 
fringent and give /8-keratin fiber patterns. 

A specimen of ovalbumin surface denatured in a Waring Blender, when stretched, gave 
the |8-keratin diffraction pattern. An unusual feature of this pattern was the occurrence on 
the equator of a reflection at about 23 A. 

Ovalbumin, dispersed in phenol and spun into a precipitating bath such as ethanol, 
also gave a fiber pattern after stretching. 
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prepare specimens sufficiently cohesive to permit stretching. Stretching was 
usually done slowly in steam or in air approximately satulrated with water vapor 
at about 100®C. Draw ratios (D. R.) or ratios of final to initial lengths of five or 
more were commonly obtained. In general, molecular orientation, as revealed 
by the diffraction pattern, increased with the draw ratio under comparable condi¬ 
tions. When specimens were drawn at room temperature or at an elevated tem¬ 
perature with a low pressure of water vapor, a small draw ratio produced the 
same diffraction effects as a much higher draw ratio when the specimens were 
more highly plasticized. On stretching in an alkaline solution or in the vapor of 
a boiling saturated solution of cresol, draw ratios as high as 25 have been ob¬ 
tained without any comparable increase in orientation. 

Attempts to produce orientation in the absence of water have uniformly failed. 
Specimens prepared, for example, from intensively dried ovalbumin and cresol 
were stretched in cresol vapor at temperatures up to 150®C. or more. The dif¬ 
fraction pattern of the stretched material consisted of two full, diffuse rings. 

Since the orientation process appears to be rather generally applicable to 
globular proteins, it is perhaps not surprising that proteins of various degrees of 
purity and from various sources should when oriented give comparable diffrac¬ 
tion effects.^ In our experience there is, however, a marked variation in the ease 
with which the different proteins and protein preparations may be crystallized 
and oriented. (The word crystallized is used in the restricted sense that the 
x-ray reflections sharpen and become moie numerous, indicating increased regu¬ 
larity or order in the spatial arrangement of the scattering matter.) (Generally 
speaking, the proteins ordinarily classed as he^t-denatiirable are most readily con¬ 
verted to the oriented fibrous form by the thermal process. Examples of readily 
convertible proteins are lactoglobulin, serum albumin, ovalbumin, and the 
globulins of tobacco and pumpkin seeds, provided that these are in the native 
state. If the proteins are denatured, as by heating, prolonged drying, chemical 
agents, or other means, the conversion becomes more difficult and less complete. 
The increased difficulty probably arises largely from insolubilization and loss of 
tack, making it hard to form filaments or other objects suitable for stretching. 
We have not yet sought to determine the feasibility of producing an oriented 
fibrous protein from a denatured protein powder by other shear processes, such 
as rolling, or flowing, or extruding under high pressure. Casein, zein, gliadin, 
and commercial soybean protein have proved considerably more difficult to 
crystallize and orient than the native, heat-denaturable proteins listed above. 

DIFFRACTION EFFECTS 

In our experiments, we have been concerned with the conversion of the globu¬ 
lar protein molecule to an extended polypeptide chain in filaments (or other 

^ We should like to express our thanks to the following individuals and organizations for 
making available available some of the proteins used in this work: The Draokett Company 
for soybean protein; W. G. Gordon for ^-lactoglobulin; R. W. Jackson for edestin; the 
Northern Regional Research Laboratory for zein and gliadin; Sharp and Dohme, Inc., for 
serum proteins; the Southern Regional Research Laboratory for peanut protein; H. B. 
Vickery for gliadin and pumpkin- and tobacco-seed globulins. 
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formed objects). That is, the filaments as extruded are composed of native 
protein, and denaturation or unfolding of the molecules occurs in subsequent 
operations. X-ray diffraction measurements provide the best method of 
following the change in molecular configuration that takes place during these 
operations. 

The diffraction pattern of most protein filaments as extruded and dried at room 
conditions without further treatment is characterized by two diffuse reflections, 
corresponding to interplanar spacings of about 10 A. and 4.6 A. The breadth 
of these reflections, the fact that only two reflections are observed, and the gen¬ 
eral scattering on the pattern indicate that the size of any crystalline regions in 
the sample must be very small. The spacings 10 A. and 4.6 A. must correspond 
to frequently occurring interatomic distances, and by comparison with x-ray 
patterns of disoriented keratin have been identified as the *‘side-chain” and 
“backbone” spacings between adjacent polypeptide chains (3). That is, con¬ 
siderable portions of the polypeptide chains form mesomorphic regions in which 
a number of chain segments lie parallel over a distance corresponding to several 
amino acid residues. This does not necessarily imply that the chains are un¬ 
folded ; adjacent segments in a given region may be part of one more or less regu¬ 
larly folded protein molecule. The pronounced broadening of the two observed 
reflections is probably best interpreted as due to imperfect side-by-side packing 
of the amino acid residues rather than to extremely small perfect crystallites. 

When a globular protein is heated with water, the diffraction pattern improves 
considerably. The 10 A. and 4.6 A. reflections sharpen, and at least one addi¬ 
tional reflection (3.7 A.) appears. Astbury and Lomax (3) have observed this 
change in the patterns of serum albumin and egg white upon heat denaturation 
and have attributed the pattern to regular bundles or crystallites composed of 
fully extended parallel polypeptide chains. We have found that filaments of 
many globular proteins heated to give the pattern characterized by three or more 
well-defined reflections can, in general, be stretched when plasticized with water 
to give a diffraction pattern nearly identical with that of /3-keratin. On stretch¬ 
ing, the existing crystallites are oriented with their longest axis parallel to the 
direction of stretch, and possibly new' crystallites are formed by the action of the 
stress in extending and parallelizing polypeptide chains. The formation of 
crystallites or ordered regions of extended chains from curled or folded chains in 
the protein filaments is analogous to the ordering that occurs in the cold-drawing 
of polyamide fibers (20). 

The rate of transformation of the protein from the mesomorphic state to the 
more ordered state under the influence of heat and water depends on the particu¬ 
lar protein. Thus proteins readily denatured by heat, such as ovalbumin, lacto- 
globulin, and hemoglobin, are converted to the ordered state after a few' minutes 
in boiling water. Since insolubilization of these proteins occui-s rapidly on con¬ 
tact with the boiling w^ater, there is no disintegration or dissolution of the fila¬ 
ments. Filaments of casein, on the other hand, are not readily heat-denatured, 
and if immersed in boiling w^ater after extrusion, they rapidly disintegrate before 
they are insolubilized in the conversion to the ordered state. Consequently, 
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proUm filamauts of this type muet be treated by a different method, a^ it ha$ 
been our practice to heat them in atmoepheree of controtted humidity. For 
example, casein fibers are omiditioned at lOO^C. over a 8 per cent solution of 
sodium chlcHide. There is a progressive change in the diffracticm pattern of 
casdn filaments with increasing conditioning time. The 4.6 A. reflection be¬ 
comes sharper, and a new reflection at 3.7 A. is resolved. At later stages, two 
weak reflections at 2.2 and 2.0 A. appear. 

Although the x-ray pattern generally shows continuous improvements with 
increased time of beat-conditioning, mechanical properties of fibers may be im¬ 
paired by long heating. Casein bristles, for example, show a decline in tensile 
strength if beat-conditioned for more than 50 hr. under the conditions described 
above. This may be due to chain degradation, which would not hinder the 
ordering process but would reduce the tensile strength. 

We have observed that the water content of the protein filament has an effect 
on the x-ray pattern. As an illustration, wet casein gives sharper reflections 
than does bone-dry casein. To study this effect in greater detail, two series of 
freshly extruded casein filaments were equilibrated at 27®C. in air of 0,25, 50, 75, 
and 100 per cent relative humidity. In one series, equilibrium was approached 
from the dry side and m the other series from the wet side. The equilibrated 
filaments were mounted in a closed chamber which maintained the proper hu¬ 
midity during exposure to the x-ray beam. In each series, equilibrating the 
filaments at 50 per cent relative humidity or greater sharpened the reflections, 
but there was little or no effect below 50 per cent relative humidity. Most of our 
patterns have been obtained from filaments equilibrated at room conditions, 
which correspond to 15 to 30 per cent relative humidity. Moreover, the sharp¬ 
ening of the pattern due to water alone is much less than the corresponding 
change resulting from heat-conditioning, so there is no doubt that heat-condi¬ 
tioning has a real effect on the crystallinity of the protein. 

The action of heat in rearranging the mesomorphic structure in quenched 
polyamides (13) and cellulose triestera (6) to give a crystalline structure indi¬ 
cates that there is high mobility of chains or chain segments in these substances 
in the solid state. The crystallinity of quenched cellulose derivatives (6) which 
contain unsubstituted hydroxyl groups cannot be improved by annealing at tem¬ 
peratures below the softening point. The reduced mobility of the chains in 
these derivatives has been attributed to the presence of hydrogen bonds between 
residual hydroxyl groups. If such derivatives are annealed in water at lOO^C., 
however, the strong hydrogen-bonding agent, water, splits the interchain hydro¬ 
gen bonds and permits chain motion and crystallization. 

Proteins contain a high concentration of hydrogen-bonding and other polar 
groups which contribute to a high interaction between adjacent chains. One 
might predict that there would be little tendency for chain rearrangement upon 
the application of heat alone, and that it w ould be necessary to introduce some 
polar solvent to increase mobility. This is borne out by the observations of 
Barker (7) that ovalbumin dried over phosphorus pentoxide is denatured, as 
measured by solubility, only at 160~170®C., while ovalbumin in the presence of 
excess uvater is denatured at 56®C. We have tried to crystallize and orient 
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globular proteins by our usual techniques, substituting for water other repre¬ 
sentative hydrogen-bonding lii^uids such as ethanol, cresol, and forinamide. 
Our attempts have been uniformly unsuccessful. 

> TABLE 1 

Observed spacings and inlensilies in the fiber diagram of lactoglobnlin, ovalbumin, and 
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Fio, 3. X-ray diPIraction pattern of a Jiighly oriented ovalbumin filament. The fiber 
axis is vertical. 

Protein filaments, annealed tiiid stretched, give x-ray fiber patterns very nearly 
identical with the pattern of oriented /3-keratin. Patterns showing the greatest 
number of reflections have been obtained from /^-lactoglobulin and ovalbumin. 
Data on these proteins are summarized in table 1, together with indices and corre¬ 
sponding data for /^-keratin given by Astbury and Street (4). The diffraction 
pattern of a highly oriented ovalbumin filament is shown in figure 1. 
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The 2.2 A. reflection indexed by Astbury and Street as (030) is resolved into 
two near-meridian reflections which we have designated as (130). Thus, both 
(010) and (030) are absent, and the 6-axis is probably a twofold screw axis. 
This is consistent with the packing of extended chains, with side chains project¬ 
ing on alternate sides of the main chain, in successive amino acad residues. 
Such a structure is required by a fully extended polypeptide chain of amino acid 
residues having the same configuration (14). Meridian reflections at distances 
greater than 3.3 A., such as are observed in feather keratin, do not (x^cur in any 
of our preparations and, so far as we are aware, hav(^ not been found in the /3- 
keratin of stretched wool and hair. 

Cqmi)arison of the lattice spacings of d-bicfoglobulin, ovall)umin, and /3- 
kcratin in table 1 shows only small variations, are' probably within the 

experimental error of measurement. Our data on ori(uit('d filaments of casein, 
pumpkin-seed globulin, hemoglol)in, serum albumin, z(an, gliadin, tobac.co-seed 
globulin, edestin, soybean and peanut protein, while not as extensive as thos(‘ for 



Fic;. 2. ('hiingo of the diffraetion pattern of a heat-conditioiH'd xh)l)idar protein <Jiiring 
orientalion by stretching: (a) no stretch; random orientation of (Tvslallites, (b) hm stretch; 
uniplanar C)rientation; (c) higli stretch; uniaxial orientation. 


ovalbumin and itJ-lactoglobulin, also show that the lattice sj)acings of tiu'st^ 
I)rot(*ins are close to thos(» of /^-keratin. 

Starting with an unstretched filament of denaturc'd^protein which gives an 
x-ray pattern corresjionding to random oritaitation of crvstullites, there is a ])ar- 
ticular setjuence in which the three strongest x-ray n^fletdions an* as stretching 
proceeds. This sequence is illustrated in figure 2. At low* (dongations, the in¬ 
nermost refle(*tion (10 A.) show s a concentration of intensity on the eejuator of the 
pattern, while the other reflections appear to have a uniform distribution of in¬ 
tensity. At higheu’ elongations the 4.() A. r(»flection show s an intensity maximum 
on the equator, and the 3.7 A. reflection shows four intetisity maxima at about 
45^^. This plienomenon must, lx* related to the shape of tlu* (*rystallites or ordered 
regions w hich are being oriented by the stretching of tlu* fibers. 

A model which seems to ac(xjunt well for tlu* obseu’\'ed j)henomena may lx* de¬ 
scribed as follows: We may (xaisider th(* crystallites to be plates of dimensions 
X, y, and 2, where x > y >> z. The polypeptide chains are assumed to be 
parallel to .r; the 10 A. spacing is approximately along z\ the 4.0 A. spacing, ap¬ 
proximately along y\ and the 3.7 A. spacing, a diagonal spacing iierpcndicular to 
the direction z. In unstretched filaments the platelets have random orientation 
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(figure 3a). Upon application of stress the first tendency will be for the plane 
xy to orient in the direction of stress, that is, the fiber axis, but with no preferen¬ 
tial orientation of a; or y of the various platelets (figure 3b). Orientation of the 
planes xy in the direction of stress requires the lattice planes with the 10 A. 
spacing to be parallel to the fiber axis and hence to reflect on the equator. Since 
the planes xy have random orientations around a perpendicular to the fiber axis, 
the lattice planes of spacing 4.6 A. and 3.7 A. will reflect with uniform intensity 
through 360® on the x-ray photograph. Upon further stretching (figure 3c), the 
longest axis x of the platelets will turn toward the direction of stress, orienting 
the 4.6 A. planes parallel to the fiber axis, and causing the corresponding reflection 
on the x-ray photograph to be arced on the equator. Similarly, the diagonal 
planes of 3.7 A. spacing will give four intensity maxima at approximately 45®. 

According to the structural scheme proposed by Astbury and Woods (5), the 
10 and 4.6 A. spacings are lateral spacings of the polypeptide chains and are ap- 



Fig. 3, Orientation of crystallites during stretching: (a) initial random orientation; (b) 
uniplanar orientation; (c) uniaxial orientation. 


proximately at right angles to each other. From changes observed on swelling, 
Astbury and Lomax (3) concluded that the 10 A. spacings are in the direction of 
the side chains, while the 4.6 A. spacing represents the separation of the chains in 
the plane of the zigzag of the main chain, as illustrated in figure 4. 

From the orientation sequence, then, the eiystallites must be much longer in 
the direction of the backbone spacing than in the direction of the side-chain 
spacing. This conclusion is supported by the breadth of the corresponding 
reflections, the 10 A. reflection being much broader than the 4.6 A. reflection. 
Assuming equal lattice perfection in the two directions, this indicates that the 
crystallite is much smaller in the 10 A. or z direction. Additional evidence is 
supplied by specimens which have been rolled to give biaxial orientation of the 
crystallites. X-ray patterns of such specimens taken with the beam parallel and 
at right angles to the plane of rolling are shown in figure 5. 

It is seen that the crystallites orient so that the planes with the 10 A. spacing 
are parallel to the plane of rolling, that is, the z direction of the eiystallites is per- 
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Fio.4. Packing of extended peptide chains in the direction of (a) the 4.6 A. “backbone" spacing, and (b) the 10 A. “side-chdin' 
spacing. Hydrogen atoms attached to nitrogen atoms are not shown. 
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pendicukr to the plane of rolling, while the x and y directions lie in this plane. 
This, again, is consistent with the relative lengths x > y >> z. The crystal¬ 
lites thus have a pronounced tendency to grow in the direction in which the poly¬ 
peptide chains are bonded laterally by hydrogen bridges between ^C==0 and 


\ 

/ 


sN—H groups of adjacent chains. The regular occurrence of these groups 


along the chain gives opportunity for regular packing of chains in the direction 
of the hydrogen bridges. On the other hand, the packing in the direction of the 
side chains will be influenced by the variable length and nature of the side chain 


(•) 


a 



(•) 


c 


Fig. 5, Diffraction patterns of biaxially oriented ovalbumin, (a) X-ray beam perpendi* 
cular to the fiber axis, parallel to the plane of rolling; (b) beam perpendicular to both fiber 
axis and plane of rolling; (c) beam parallel to fiber axis. Plane of rolling is vertical. 


((•)) (•) 


a b 

Fig. 6. The two types of fiber pattern exhibited by oriented globular proteins: (a) the 
“/8-keratin'’ patterns; (b) the “egg-white" pattern. 

from the different amino acid residues, and consequently the order will be much 
less perfect and will extend a shorter distance. The 3.3 A. “fiber repeat” reflec¬ 
tion is normally w’eak. It becomes prominent only in rather well-oriented speci¬ 
mens, even though the repeating units lie in the direction of the longest dimen¬ 
sion of the crystallites. 

The tendency of the crystallites to grow in the y direction ma}" explain another 
type of diffraction pattern frequently observed in dra^vn protein filaments. 
This pattern, illustrated in figure 6, was first observed by Astbury, Dickin.son, 
and Bailey (2) in stretched films of poached egg w hite. The distinguishing fea¬ 
ture of this pattern is that tlie 4.6 A, reflection is arced on the meridian rather 
than on the equator, the interplanar spacings of the three principal reflections 
being the same as in the jS-keratin type. Astbury, Dickinson, and Baile\' (2) 
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report a faint reflection of 3.3 A. spacing on the equator, corresponding to the 
repeat distance along the polypeptide chain, but we have never observed this 
although we have examined dozens of photographs showing this egg-white pat¬ 
tern. The simplest explanation of this photograph is that the crystallites have 
developed such that y > x> z. Hence, upon stretching, y will orient along the 
fiber axis, causing the 4.6 A. reflections to fall on the meridian, while the 10 A. 
reflection occurs on the equator as before. 

This pattern has been obtained from ovalbumin, casein, zein, peanut protein, 
hemoglobin, and edestin. It usually occurs if a fiber is given relatively low exten¬ 
sion after a relatively short period of heat-conditioning. For example, it appears 
when ovalbumin filaments are immersed in boiling water for 2 to 6 min. and are 
then stretched 50 to 85 per cent. At greater elongations this pattern is trans¬ 
formed to the /S-keratin pattern. The reverse transformation of the /3-keratin 
pattern into the egg-white pattern has never been observed. Although many 
oriented protein filaments have been contracted in hot water or steam to give 
disoriented /3-keratin, an intermediate form giving the egg-white pattern has not 
occurred. 


BIREFRINGENCE 

X-ray diffraction provides the best method of gaining information about the 
orientation and packing of the molecules in the crystalline regions of a fiber, 
but it gives little direct information concerning the alignment of chains in the 
less-ordered regions. Optical and swelling anisotropy do, however, provide a 
rough measure of orientation of intercrystallite chains. 

The refractive index of a substance for plane polarized light depends on the 
polarizability of the atomic groups in the direction of the plane of the electric 
vector. When a high polymeric substance is stretched, there is an alignment of 
molecular groups which usually results in greater polarizability along the direc¬ 
tion of stretch than at right angles to it, with a consequent difference in refrac¬ 
tive index in these two directions. Birefringence has the advantage that it can 
detect orientation in substances which do not produce any easily observable 
x-ray diffraction effect and are thus seemingly amorphous. On the other hand, 
calculations by Treloar (30) indicate that the birefringence is insensitive to small 
departures from perfect orientation of crystallites along a given direction. 

A comparative study of birefringence and diffraction effects has been made on 
ovalbumin fibers heat-denatured and stretched in steam. Birefringence was 
computed from the retardation and the diameter of the fibers. The retardation 
was measured by means of an uncalibrated quartz wedge. Birefringence changes 
with draw ratio, as sho^^^l in figure 7. At D. R. = 2, diffraction patterns of the 
same fibers show marked arcing of the 10 A. reflection, but only very slight arc¬ 
ing of the 4.6 A. reflection. This corresponds to approximately uniplanar orien¬ 
tation of crystallites, as suggested above, and judging from the x-ray pattern 
alone the filaments should be optically nearly isotropic. The birefringence is 
6 X 10~*, however, suggesting that there is preferred orientation of polypeptide 
chains in the direction of stretch. Treloar (30) predicts that in this region of low 
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orientation the birefringence will change most rapidly. Part of the birefringence 
may be contributed by preferentially oriented intercrystallite chains that do not 
appreciably affect the diffraction pattern. This would be analogous to the be¬ 
havior of poljrmerized methyl methylacrylate when stretched. The polymer 
molecules are evidently linear, but it is difficult or impossible to pack them into 
regular arrays in space. Although when stretched the material becomes bire- 
fringent, the diffraction pattern shows very little asymmetry (15, 23). Simi¬ 
larly, a number of samples of casein textile fiber prepared in this laboratory by 
precipitation from an alkaline dispersion, followed by stretching and formalde¬ 
hyde hardening, had birefringence ranging from 1 to 10 X 10~* without any 
indication of arcing on the diffraction patterns. 



Fir.. 7. Change of birefringence of ovalbumin with draw ratio 

With increasing stretch, the birefringence of ovalbulin increases, while the arcs 
on tlie x-ray pattern decrease in angular width and increase in intensity. At 
D. R. = 7 the birefringence is 14 X lO"®, and the slope of the curve of figure 7 
indicates that it has not yet attained its maximum value. 

It might be supposed that protein preparations giving the egg-white type of 
fiber pattern would be negative-birefringent. The refracti\'e index is greatest 
along the direction of the extended peptide chains, and this direction in the crys¬ 
tallites from which the fiber pattern arises is perpendicular to the fiber axis. Ac¬ 
tually the birefringence of all the several specimens examined w as positive, and of 
the order of 10“®. The following may be offered in explanation of this anomaly: 
By simple visual comparison of the intensity of arcs and rings, it is clear that the 
proportion of crystalline matter is not high. Furthermore, the diffraction pat¬ 
tern obtained with the beam parallel to the fiber axis has full rings of comparable 
intensity at 4.6 and 10 A. In the diffraction pattern of the crystallites alone, the 
4.6 A. ring would be missing. Consequently, the negative birefringence con- 
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tributed to the total birefrmgeDce by the oystaUites is small and is apparently 
overweighed by the positive contribution of the non-crystalline chains oriented 
parallel to the fiber axis. 

High optical anisotropy without corresponding x-ray effects has also been 
found in fibers drawn from surface films. At a water-^air interface^ soluble 
globular proteins in general unfold to form a monolayer. This^ on compression 
between parallel barriers, is anisotropic, and from it filaments may usually be 
drawn (17). Accepting the view of Langmuir (16) that protein monolayers are 
composed principally of long polypeptide chains, it might be expected that fila¬ 
ments pulled from such monolayers w'ould contain the chains in a linearly extended 
parallel array. We have prepared fibers suitable for examination from mono- 
layers of casein and ovalbumin spread on a 0.003 M citric acid-phosphate buffer 
at pH 4.7. At a pressure of approximately 25 dynes per centimeter, fibers were 
formed by slowly withdrawing a 0.5-mm. platinum wire from the film-covered 
surface. When maintained taut until air dry, many of the fibers had high posi¬ 
tive birefringence, a maximum value of 7 X lO”’* being recorded. A bundle of 
fine ovalbumin fibers having a rather uniform birefringence of about 2 X 10^^ 
was examined in a micro-diffraction camera. The diffraction pattern consisted 
of full rings, with no suggestion of arcing. The combined evidence of birefring¬ 
ence and x-ray diffraction would seem to indicate that in the fibers there is a high 
degree of preferred orientation of chain molecules which are imperfectly packed. 
Because of the extreme smallness of the fibers, no attempt was made either to 
improve the spatial order by an annealing process or to measure the tensile 
strength. 

SWELLING MEASUREMENTS 

A stretched protein fiber dried under tension generally contracts in length 
when immersed in water, and contracts further upon drying. If the fiber is 
again immersed in water, both length and diameter increase. The contraction in 
length and the increase in diameter upon the first immersion in water diminish 
as the stretch given the fiber increases. For example at D. R. = 2 an un¬ 
hardened ovalbumin fiber contracted 14 per cent in length and increased 33 per 
cent in diameter, while at D. R. = 8 the corresponding values were 3 per cent and 
19 per cent.® Similarly, the reversible dimensional changes in a completely re¬ 
laxed fiber decrease with elongation. At D. R. == 2 a relaxed fiber on wetting 
swelled 12 per cent in length and 20 per cent in diameter, while at D. R. « 8 the 
values were 4 and 13 per cent. 

The fiber thus appears to be stabilized toward water by stretching. If stretch¬ 
ing affected only the orientation of existing crystallites, we should expect that 
lateral swelling would increase and longitudinal swelling decrease. Instead, 
both longitudinal and lateral swelling decrease. This suggests that the molecu¬ 
lar packing is improved by stretching, that is, crystalline areas are produced. 

Swelling anisotropy is defined as the ratio of the increase in diameter to the 
increase in length of a fiber on immersion in a swelling liquid. For the ovalbumin 

® These values refer to the wet fibers; on drying, further dimensional changes occur. 
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fibers of D: R. = 8 mentioned above, its value is slightly greater than 3. For 
cotton, wool, and silk, the value is about 10, whereas for regenerated cellulose it is 
about 6 to 8 (31). 


TENSILE STRENGTH 

As expected, tensile strength Is increased upon conversion of globular proteins 
to the oriented fibrous form. Tensile measurements have been made for the 
most part on coarse filaments, approximately 150-300 microns in diameter. 
Single-filament breaking loads were measured on a Scott Type I-P-2 inblined- 
plane testing machine. Specimens were kept in the testing room at 70®F. and 
66 per cent relative humidity at least 16 hr. before breaking. Initial diameters 
were used in the computations. Strengths reported are in general the average 
strength of ten or more fibers. 

Air-dried extruded filaments of all the proteins were so weak and brittle that 
tensile measurements were impracticable, but after the heat treatment the 
strength® was 4,5 to 6.7 kg, per mm.® Upon orientation, strengths were raised 
to the following values: casein, 18.6 kg. per mm.®; pumpkin-seed globulin, 16.2; 
hemoglobin, 11.6; lactoglobulin, 12.8; zein, 17.6; ovalbumin, 20.9. Individual 
filament strengths as high as 30 and 34 kg. per mm.® have been measured on speci¬ 
mens of casein and ovalbumin, respectively. All the oriented preparations gave 
/3-keratin-like fiber patterns. It seems clear, however, that by no means all the 
protein even in our best specimens is in the form of oriented crystallites, although 
we know of no experiment by which the proportions of crystalline and non¬ 
crystalline material may be precisely judged. 

On immersion in water, dimensional changes and changes in birefringence sug¬ 
gest that part of the protein in stretched filaments is unfolded and oriented but is 
not crystallized, and thus seems amorphous to x-rays. We are unable to estimate 
the proportion of molecules which have substantially the same configuration as in 
the original protein. 

If the protein chain is 1000 A. or so long when fully extended, two or more por¬ 
tions of the chain could pack in orderly arrays w ith matching segments of other 
protein molecules to form crystallites of a not improbable size—let us say 100- 
200 A. Intercrystallite regions, although composed from the same chains form¬ 
ing the crystallites, may be incapable of forming a regular network in space. 
This may be caused by chain flexibility, variable chain length between crystal¬ 
lites, or other factors. On application of tensile stress to the system, the com¬ 
posite of crystallites and non-crystalline connecting matter tends to align itself 
parallel to the tension direction. Intercrystallite chains trend in the same direc¬ 
tion. The chains are thus oriented, and in such a way as to increase the tensile 
.strength of the whole structure, but there is no corresponding diffraction effect 
of discernible magnitude. 

Protein filaments, crystallized and oriented by heat and stretching, contract 

• Assuming the density of the protein filaments to be 1.29, the relationship between the 
common tensile strength units is as follows; 1 gram per denier « 11.6 kg. per mm,* = 16,500 
lb. per in.». 
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considerably in water. This property has been studied in some detail on ovalbu¬ 
min, because high orientation can be produced more readily in it than in any 
other protein available in quantity with which we have worked. The crystallites 
in a hi^ly oriented ovalbumin filament are rather stable structures, since the 
keratin diffraction pattern persisted even after the filament was boiled for 8 hr. 
in distilled water. During boiling, the crystallites are disoriented to a significant 
extent, as is evidenced by an increase in the angular width of the diffraction spots. 
The radial dimension and the sharpness of the spots are practically unchanged, 
however, indicating that the size of the crystallites and the perfection of atomic 
arrangement within them are largely unaltered. 

On the other hand, oriented intercrystallite chains, being imperfectly packed, 
are readily penetrated by swelling agents such as water and forced apart, causing 
the specimen as a whole to contract unless it is clamped so that contraction is 
impossible. A fixing treatment, designed to minimize swelling by cross-linking 
chains or diminishing their hydrophilic character, should heighten the dimen¬ 
sional stability of the oriented fiber and increase its strength after swelling. Ac¬ 
cordingly, oriented ovalbumin filaments were treated with acetic anhydride, 
with formaldehyde, and with benzoquinone. 

In the acetylation experiments, filaments stretched in steam to the draw ratio 
10.6 were heated with acetic anhydride at 100°C. for 1 hr. Residual acetic an¬ 
hydride and acetic acid were removed by acetone in a Soxhlet extraction. To 
harden with formaldehyde, filaments with a draw ratio of 6.0 were soaked, w^hile 
clamped, for 16 hr. at 25®C. in a solution containing 5 per cent formaldehyde and 
30 per cent sodium acetate at pH 5.8. The filaments were washed thoroughly 
with water and dried for 1 hr. at 40®C. To harden with quinone, filaments with 
a draw' ratio of 10.5 were soaked, while clamped for 40 hr. at 25®C. in a 1 per cent 
benzoquinone solution at pH 4.7 maintained by a 0.05 M acetic acid-acetate 
buffer. The hardened filaments w^ere w'ashed w ith water and dried at 40°C. 

Tensile and retraction data on the treated and untreated oriented filaments are 
assembled in table 2. It is apparent that all three treatments markedly 
diminish dimensional change and reduction in strength on soaking in water, 
although the effect of formaldehyde is destroyed rather rapidly at 100®C. The 
fiber diagrams of acetylated and quinone-hardened filaments changed remarkably 
little, even on boiling for 4 or 8 hr. There is a small increase in the length of the 
arcs, corresponding to a slight disorientation of the crystallites, but otherwise 
the pattern is not altered. After corresponding treatment of formaldehyde- 
hardened oriented ovalbumin, the diffraction pattern w'as much like that of the 
unhardened protein. The principal reflections of the jS-keratin structure were 
present, and the width and sharpness of the spots w'ere about the same as they 
were initially, but the length w'as increased several fold. 

Wet and dry strengths have been deteimined for a series of oriented coarse 
filaments. Before testing, the filaments were relaxed in water at 25°C, for 6 hr., 
dried at 40®C. for 1 hr., and stored at 70®F. and 66 per cent relative humidity for 
16 hr. In addition, filaments used for w^et-strength determinations were soaked 
in distilled w^ater at 70°F. for at least 30 min. immediately before the tests 
were made. Table 3 gives the results of the tests. The data show that, while 
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TABLE 2 


Ejfeet of hardening by acetylation, formaldehyde, or quinone on the tensile strength and 
retraction in water of oriented ovalbumin filaments 
(Measurements made on air-dry material) 


Acetylation-hardened filaments soaked in water at lOO^C. 



EETEACTXON IN WATEE, PEE CENT 

TENSILE STESNOTH, KG. PEE lOf.* 


1 hr. 



8 hr. 

1 ^ 

1 hr. 

2 hr. 

4 hr. 

8 hr. 

Hardened. 

10 



16 

21 

14 

13 

12 

9 

Untreated. 

29 


H 

33 







Formaldehyde-hardened filaments soaked in water at 25®C. 



EETEACTION IN WATEE, 

PEE CENT 

TENSILE STEENGTH, KG. PEE NN.* 


10 min. 

1 hr. 

24 hr. 

0 

10 min. 

1 hr. 

24 hr. 

Hardened . 

5 

6 

6 

16 

16 

16 

16 

Untreated. 

13 

13 

16 

14 

13 

12 

12 


Formaldehyde-hardened filaments soaked in water at lOO^C. 


ssnAcnoN in wates, pee cent 



10 

min. 

30 

min. 

2 hr. 

4 hr. 

8 hr. 

0 

10 

min. 

30 

min. 

2 hr. 

4 hr. 

8 hr. 

Hardened. 

16 

29 

34 

40 

40 

16 

14 

9 

9 

8 

7 

Untreated.! 

1 

36 

39 

40 

44 

46 

14 

7 

7 

7 

7 

7 


TENSILE STEENCTH, KO. PEE lOf .> 


Quinone-hardened filaments soaked in water at 25°C. 


EETEACTION IN WATEI, PEE CENT 

TENSILE STEENCTH, KG. PEE IOC.* 

10 min. 

1 hr. 

24 hr. 

0 

10 min. 

l hr. 

24 hr. 

0 

0 

2 

16 

19 

17 

19 


Quinone-hardened filaments soaked in water at 100®C. 


EETEACTION IN W^ITEE, PEE CENT 

TENSILE STEENGTH, KC. FES IOC.* 

10 min. 

30 min. 

2 hr. 

4 hr. 

1 ^ 1 

10 min. 

30 min. j 2 hr. 

4 hr. 

5 

5 

7 

9 

1 

16 i 

1 

15 j 16 

13 


TABLE 3 

Tensile strength of relaxed oriented ovalbumin filaments 


TREATMENT 

DEV 

WET 

EATIO OP WET TO DBY 
STEENGTHS 

Untreated. 

kg. per mm.* 

18.9 1 

kg. per mm • 

10.4 1 

0.55 

Acetylation-hardened. 

17.2 

10.3 

0.60 

Formaldehyde-hardened. 

16.5 

15.2 

0.92 

Quinone-hardened. 

17,8 

14.9 

0.84 
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ihe wet strength of oriented but unhardened filaments was only a little more than 
half the dry strength, the ratio for quinone** and formaldehyde*hardened 
filaments was increased to more than 0.8 and 0.9, respectively. On acetylation, 
the gain was slight. 


SUMMARY 

1. By means of heat, water, and mechanical shear, several globular proteins 
have been converted into a fibrous form giving an x-ray diffraction pattern nearly 
identical with that of /S-keratin of stretched hair and wool. Among the proteins 
ibus converted are lactoglobulin, ovalbumin, casein, zein, peanut protein, soy¬ 
bean protein, gliadin, hemoglobin, serum albumin, edestin, and tobacco-seed 
globulin. The process is most effective when applied to native, t 3 rpically heat- 
denaturable proteins. 

2. Under similar but milder conditions most of the proteins have riven a second 
type of fiber pattern, characterized by the appearance of the 4.6 A. ^‘backbone'' 
reflection on the meridian and the 10 A. ‘"side-chain” reflection on the equator. 

3. When a protein is heated in the presence of water the diffraction pattern 
sharpens and new lines appear, indicating ordering of chains analogous to that 
occurring in the annealing of cellulose ester and polyamides. 

4. Relative dimensions of the crystallites giving the fiber patterns are deduced 
from the sequence in which the x-ray reflections arc when a protein filament is 
stretched. 

5. Comparative data on birefringence, x-ray diffraction, and swelling aniso¬ 
tropy as measures of molecular orientation are presented. 

6. Tensile strength is increased by conversion of the globular protein to the 
oriented fibrous form. Wet strength after treatment with boiling water and 
dimensional stability of oriented ovalbumin filaments are improved by acetyla¬ 
tion and hardening with formaldehyde or quinone. 

The authors gladly acknowledge the aid given by A. C. Dorworth, C. R. Eddy, 
M. Halwer, E. W. Johnson, P. E. McDowell, and L. P. Witnauer. 
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POLYMERIZATION OF STYRENE UNDER VARIOUS 
EXPERIMENTAL CONDITIONS' 
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Received December 19,1944 

Various authors (compare particularly 1, 6, 7, 20, 24, 25, 26, 27, 30, 36, 37) 
have recently studied the rate of styrene polymerization with the aim of estab¬ 
lishing the kinetics of this reaction by resolving it into its individual elementary 
steps, such as activation, propagation, termination, etc. In general, each of 
these investigations was undertaken in order to study the influence of one or two 
of the principal variables of the system under consideration, such as monomer 
concentration, catalyst concentration, temperature, nature of catalyst, type of 
solvent, etc. As a consequence of these measurements several mechanisms have 
been proposed for the peroxide-catalyzed styrene pclj’^merization in bulk or 
homogeneous solution (1, 2, 6, 7, 10, 15, 18, 20, 24, 25, 26, 27, 30, 36, 37). The 
present article attempts to contribute to our knowledge of this reaction by pre¬ 
senting rate measurements in the course of which cdl quantities mentioned above 
have been varied vsystematically over a not too .small range, using the same 
equipment and identical materials in all runs. 

^ Some results of this paper were presented in a lecture given at a meeting of the 
New York Academy of Sciences in New York City, January 8 and 9,1943. 
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BXPSEIMSNTAL 

Materiais 

The solvents used ware toluene, methanol, ethyl methyl ketone, and carbon 
tetrachloride. All were of C.P. grade, and with the exception of the carbon 
tetrachloride were used without further purification. The carbon tetrachloride 
was further purified by shaking in succession with alkaline alcohol, water, con¬ 
centrated sulfuric acid, and again with water, after which it was dried over cal¬ 
cium chloride and distilled. 

The monostyrene was the C. P. Monsanto grade. Distillation does not seem 
to remove the traces of inhibitors in this substance, but keeping it at — 10°C. 
wh^ not in use assured a more or less constant starting material. Frequent 
tests for the presence of oxygenated compounds and polymers were invariably 
negative. 

Procedure 

The molar compositions of the solutions studied were varied systematically 
from 0 to 40 mole per cent of monomer and 0 to 0.32 per cent of catalyst with 
respect to monomer. The solutions were prepared using microburets reading to 
rhO.Ol ml. Solvent, monomer, and catalyst were added in that order to 20-ml. 
glass capsules, cooled, the ampoules sealed and then kept at — 10®C. 

To carry out an experiment the charged ampoules were transferred to a 60®C. 
zfc 0.1® or a 100®C. zb 0.2® thermostat. After a measured interval of time they 
were plunged into an ice-salt-water bath. After a few moments the chilled 
contents were poured into a tared beaker containing an excess of methanol and a 
little hydroquinone. If any precipitate was formed and retained in the ampoule, 
this was rinsed into the beaker. When the polymer had coagulated and the 
supernatant liquid appeared completely clear, the latter was decanted. The 
remaining polymer was washed thrice with methanol, then dried for 3 to 5 hr. 
in a vacuum oven to constant weight, and stored for future use. The repro¬ 
ducibility of the weight obtained was about ±5 per cent. 

For the determination of the intrinsic viscosity, samples of the polymer pro¬ 
duced under various experimental conditions were dissolved in toluene and their 
viscosities measured at 25®C., using ordinary Ostwait-type viscometers according 
to the methods described by Staudinger (31) and Kraemer and Lansing (14). 

RESULTS AND DISCUSSION 

Two quantities have been determined as functions of time of reaction: (a) 
the total amount of monomer polymerized, and (6) the viscosity average poly¬ 
merization degree of the polymer. These measurements permit the representa¬ 
tion of both quantities as functions of monomer and catalyst concentration (1). 
Figures 1, 2, and 3 show typical curves for the polymerization of styrene in 
toluene at 100®C. for 20 min., in carbon tetrachloride at 100®C. for 30 min., and 
in methanol at 60®C. for 3 hr. 

V5' 

Figure 1 represents five curves expressing the total amount of polymer in per 
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cent of initial monomer formed in toluene at 100°C. as a function of the initial 
monmner concentration at different catalyst concentrations after the system had 
poljnnerized for 20 min. It can be seen that the polymer formed at that time 
increases with monomer and catalyst concentration. Corresponding graphs 
were made for 10, 30, and 40 min., and the initial rate of polymerization was 
established as a function of the monomer and catalyst concentration (compare 
the discussion on pages 216 and 217). 



Fig. 1. Total amount of polymer (in per cent of initial monomer) formed after 20 min. in 
toluene at 100®C, plotted against initial monomer concentration. Curves 1 to 5 correspond 
to initial catalyst concentrations of 0.32, 0.16,0.10, 0.08, and 0.04 per cent. 

Figure 2 shows five corresponding curves for the polymerization of styrene in 
carbon tetrachloride at 100®C. alter 30 min., with five different benzoyl peroxide 
concentrations. Again it can be seen that the polymer formed after this period 
increases continuously with both concentrations. This has already been ob¬ 
served by Price (23, 24, 26, 26), Schulz (28), and Suess et al. (30) in various 
solvents, and is nothing but a confirmation of their results. Again, curves 


0 to 20 JO 40 SO 

iniM fmwd mo ^ ommr in moIuHm 

Fio. 2. Total amount of polymer (in per cent of initial monomer) formed after 30 min. 
in carbon tetrachloride at 100°C. plotted against initial monomer concentration. The five 
curves (1 to 6) correspond to catalyst concentrations of 0.32, 0.16, 0.10, 0.08, and 0.04 
per cent. 

Figure 3 represents five curves which give the corresponding results for the 
polymerization of styrene in methanol at 60®C. after a period of 3 hr. They show 
a significant difference from those in figures 1 and 2, inasmuch as the amoimt of 
polymer formed does not simply increase with monomer and catalyst concentra¬ 
tion as it did in toluene and carbon tetrachloride. Presently it can be seen that 
in the range of relatively higher conversions (above 2.6 per cent polymer formed) 
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more polymer is formed after 3 hr. at 10 per cent initial monomer concentration 
than after the same time at 20 per cent. This is a startling anomaly, which 
called for further experimental investigation. Therefore, graphs corresponding’ 
to that of figure 3 were made for 2, 4, and 6 hr., and it was found without excep¬ 
tion that in methanol at low monomer concentrations and relatively high con¬ 
versions the rate of polymer formation is distinctly higher, as demonstrated in 
the rest of the diagrams and from the behavior in other solvents. 

The explanation seems to be as follows: While toluene and carbon tetrachlo¬ 
ride are solvents for both mono- and poly-styrene, methanol dissolves only mono¬ 
styrene and is a non-solvent for the polystyrene. If one starts a polymerization 
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Fig. 3. Total amount of polymer (in per cent of initial monomer) fonned after 3 hr. in 
methanol at 60°C. plotted against initial monomer concentration. The five curves (1 to 5) 
correspond to catalyst concentrations of 0.32,0.16, 0.10,0.08, and 0.04 per cent. 

in methanol at low monostyrene concentrations (say 10 per cent monomer), the 
first amount of polystyrene formed (say the first 2 per cent) w ill remain dissolved 
in the.system, because there is still enough monomer left to act as a very good 
solvent and keep the polymer in solution (see cur\’es 4 and 5 in figure 3). How¬ 
ever, as soon as more monomer is converted into polymer (curves 1, 2, and 3 in 
figure 3) at low initial monomer concentration, the polymer is no longer soluble 
and a gelatinous precipitate is formed. This is highly swollen in monomer, while 
the supernatant liquid is a solution of monomer in methanol. In fact, we have 
observed that in all cases in which the rate of polymerization was abnormally high, 
4he solution contained a hazy, gelatinous precipitate. In the range of higher 
initial monomer concentration (right-hand side of all curves of figure 3) no pre¬ 
cipitation was observed, because the mixture methanol-monomer is rich enough 
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in respect to the good solvent to keep the polymer in homogeneous solution. No 
rate ancmialies were found in this concentration range. 

Such an increased rate of polymer formation under certain conditions has 
already been observed by Norrish and his collaborators (21, 22) for the poly¬ 
merisation of methacrylic esters in various solvents. It seems that the curves of 
figure 3 represent the same phenomenon for styrene polymerization. If one 
adopts the usual aspect, that a polymerization reaction of this type is charac¬ 
terized by the interference of activation, propagation, and termination, one ar¬ 
rives at three possibilities for an increased overall rate of the reacti<m: (a) in¬ 
creased rate of activation; (b) increased rate of propagation; (c) decreased rate of 
termination. 

The first possibility must be excluded because increase in rate of initiation, all 
other conditions being the same, would lead to decrease in the average molecular 
weight. Experimentally the opposite was found. Furthermore, we have shown 
that the energy of activation for the initiation reaction is essentially the same in 
all solvents. This is an indication of similarity in mechanism. The values ob¬ 
tained are: 


E ^ 24,000 cal. per mole in toluene 
E = 21,000 cal. per mole in carbon tetrachloride 
E = 23,000 cal. per mole in methanol 

It is not easy to see how the rate of propagation should be affected by the sol¬ 
vent in order to produce the above behavior and it appears, therefore, that the 
accelerated rate and increased molecular weight of the polymer formed in the 
gelatinous phase indicate a slowing down of the termincUion step. This may be 
due to the increased monomer concentration inside of the gelatinous phase, or 
to the decreased accessibility of the activated chain ends for any kind of terminat¬ 
ing agent, such as solvent or impurities in the case that polymerization takes 
place in a polymer phase, which is swollen in a mixture of monomer and solvent. 

It seems that the present experimental data are not yet sufficient to distinguish 
between these two effects. It may be that they both contribute. 

The curves of figures 1, 2, and 3 and the corresponding data obtained at 
shorter times of polymerization allow the correlation of the initial rate of styrene 
polymerization with the concentrations of monomer and catalyst, respectively. 
The influence of monomer and of peroxide catalyst concentration has already 
been studied by Schulz (27 et seg.) and Price (23 et seq.), and our results confirm 
their findings. If one omits the cases in which gelation takes place during 
polymerization in methanol and plots the initial rate of monomer consumption 
versus monomer concentration, one obtains a curve which approximates a straight 
line over a certain range of monomer concentration. In a previous paper (1) 
an equation was derived for the influence of monomer concentration upon the 
initial rate which includes a number of different activation and termination 
processes. This is only valid as long as a stationary concentration of active 
centers exists. According to Ginell and Simha (10) such a stationary concentra¬ 
tion is reasonably well maintained over a longer period of time if the rate con¬ 
stants of activation, propagation, and termination are in the proportion of 1 to 
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10^10® to 10®~1CH. It seems that in the case of styrene polymerization under 
the conditions referred to in this paper, a steady state of active ^centers is reached 
after a few minutes and is maintained up to 25 or 30 per cent monomer conver¬ 
sion, In this range the initial rate of the peroxide-catalyzed reaction is given 
by (compare equation 18 on page 386 of reference 1): 

—(initial, catalyzed) = /kimic* + [V kl c*^ 4ki ks mi c* — fee*] (1) 

where ki and ks = rate constants for activation and termination, respectively, 
and c* = concentration (activity) of the catalyst. 

At very low monomer concentrations the second term under the square root 
can be neglected as compared with the first. Expression 1 reduces to kmic* 
and the initial rate becomes proportional to monomer and catalyst concentration. 
At larger values of mi, the first term imder the square root can be neglected and 
one obtains 

—(initial, catalyzed) = femic* + fe<, (2) 

The first term represents the monomer consumption due to the conversion of 
inactive styrene molecules into activated nuclei, while the second accounts for 
the monomer molecules which are consumed during chain growth. If long chains 
are produced in the course of the reaction (polymerization degrees above 100), 
the first term will be negligible and the overall rate of the reaction becomes pro¬ 
portional to m?^*. In fact, from figures 1, 2, and 3 it follows that the initial rate 
of monomer consumption increases with monomer concentration somewhat faster 
than proportionally (compare figure 2 on page 386 in reference 1). Experiments 
to investigate more thoroughly the influence of monomer concentration will be 
presented in another article. 

Equation 2 also shows that the initial rate of monomer consumption should be 
proportional to the square root of the active catalyst concentration, as found 
previously by several authors and also as can be deduced from the results given 
in figures 1,2, and 3 (compare figure 3 on page 386 in reference 1). 

The next question was to investigate how the average degree of polymerization 
of the initially formed pol^^er depends upon the different variables, such as 
monomer and catalyst concentration, temperature, and nature of solvent, and 
to bring this dependence into correlation with the kinetics of the different ele¬ 
mentary steps of the polymerization reaction. 

It has recently been demonstrated (3, 4, 5, 9, 12, 13, 19, 32-35) that the vis¬ 
cosity of polymer solutions maj^ be related to molecular weight by the following 
equation: 

[v] - KM^ (3) 

For polystyrene formed at 60®C., K = 1.22 X 10~^ and a = 0.70; at 120°C. 
K = 6.44 X 10~® and a = 0.80. We have evaluated the viscosity molecular 
weights of our samples by means of these two equations. It has to be kept in 
mind, however, that: (a) The experiments referred to in this article were carried 
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out at 60°C. and lOO^C. in toluene and carbon tetrachloride, conditicms which 
deviate somewhat from those in the previous paper (3). Nevertheless, we have 
used tile constahts given above because they seem to lead to tlie conyiaralavely 
most reliable values for M and P in our case. Experiments for the direct deter¬ 
mination of K and a for the exact conditions are imder way and will be communi¬ 
cated in a later article. (6) The kinetic considerations lead to the number aver¬ 
age polymerization degree, while intrinsic viscosity measuremaits evaluated by 
equation 3 give the viscosity average molecular wei^ts. If a is 1, the viscosity 
avmige is equal to the weight average (14). The relation between weight and 
number average polymerization degree depends upon the shape of the chain- 
length distribution curve. Flory (8), Schulz (29), Ginell and Simha (10), 
Raff (17), and Herington and Robertson (11) have shown that the w'eight average 
molecular w'eight is just twice the number average, if the distribution curve is 
normal. 

The shape of a normal differential weight distribution curve can be obtained 
by statistical considerations concerning the competition between propagation 
and termination and has the general shape: 

W(x)dx = (1 - p)*xp’-^dx (4) 

where x is the degree of polymerization, W(x) the weight fraction between x and 
X -f dx, and p a fimction of the ratio of the rate constants of propagation and 
termination (2,10,15,18,23). 

In order to pass from the viscosity average, as determined by experiment with 
the aid of equation 3, to the number average, which is connected w'ith the reaction 
mechanism, one has to know explicitly the general shape of the distribution 
curves of the polymers. It has already been found (16,17,29) that polystyrenes 
formed in a solution of toluene and the pure monomer exhibit distribution curves 
of the general types expressed in equation 4. We have carried out several frac¬ 
tionations of polymer produced in the undiluted monomer and toluene at various 
temperatures, using the technique described in a previous paper (3). The shape 
of these curves was in fair agreement with the shape predicted by the statistical 
considerations. 

In order to convert viscosity average polymerization degrees into number 
average polymerization degrees we first write equation 3 for Pr instead of 
ilfandget: 

in] - K'n (5) 

The constants in this equation for polystyrene prepared in the undiluted mono¬ 
mer are 

In] = 4.0X10-*Pn. 

Pr = 2.7 X 10'[,]‘ “] 


W » 2.7 X 10~*P5:“' 
Pr = 1.6 X Ill’ll?]* ** 


120“C. 


( 6 ) 
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If one has a polymer with a distribution function (equation 4), the specific 
viscosity di?«p contributed by the species of chains having polymerization de¬ 
grees between x and x + dx, will be given by 


di7,p = K^xf^Ac (7) 

where X' and a are the constants of equation 5 and dc is the volume fraction of 
this species of long-chain molecules in the solution * According to equation 4 
dc is given by 

dc= j^Tr(x)dx (8) 

where g is the number of grams of polymer with the density p dissolved in 100 cc. 
of solvent. Hence the viscosity contribution of the species under consideration 
is 

di;.p = ^(l (9) 

and the contribution to the intrinsic viscosity becomes 


dW = 122^^ = dx (10) 

The intrinsic viscosity of the solution containing g grams of a polymer with the 
characteristic constants (equation 6) and the distribution curve (equation 4) in 
100 cc. will therefore be expressed by 


hi. [ dhi - K'd - V)' [ .-p- d« - 


( 11 ) 


In the range of real poljmiers (average degrees of polymerization around and 
above 50) p deviates only slightly from unity (its value is between 0.98 and unity) 
and In p can be replaced by (1 — p)/p without committing an appreciable error. 
With this approximation we get 


, , _ K'V{a + 2)p‘+” _ p, 
and the viscosity average polymerization degree becomes 

^ ^ [r(a + 

l' y --^- 


( 12 ) 

(13) 


On the other hand, the number average polymerization degree of a polymer hav¬ 
ing the same distribution curve as given (16,17) by 





(14) 


• The values for X' and a as given in reference 28 hold for this choice of units. If one pre¬ 
fers to express the concentration of the polymer in grams per 100 cc. of solution, one has to 
use a correspondingly changed numerical value for K\ 
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From aqiiAtions 13 and 14 follows 

« * 1 r W 1*^" 

[r(o + 2 )p‘-^^‘ “ Ut(o + 2y^J 

This equation was used to compute the number average polymerization degrees 
of our samples from the experimental [fi] values with the aid of the three param¬ 
eters a, K\ and p. The first two were taken from equation 6 for the samples 
polymerized at 60® and 100®C., respectively; p is very near to unity and was 
therefore approximated by 1.00. Using these numerical values and expressing 
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Fig. 4. Intrinsic viscosities of toluene solutions of polystyrenes prepared at 60® and 
100®C. plotted against the number average polymerization degrees. The points on the two 
curves represent a few actual measurements. The open circles (O) correspond to a polymer 
formed at 100®C. in carbon tetrachloride, C to a polymer prepared at 100®C. in toluene, and 
Q to a polymer formed in toluene at 60®C. 


the intrinsic viscosities as specific viscosities divided by the concentration in 
grams of solute per 100 cc. of solution, one gets for the measurements carried out 
at 60®C.: 


Pk = 0.535 Pv - 1450 M 


11.43 


(16) 


and for the measurements carried out at 100®C.: 

P^ = 0.532Pk - (17) 

Figure 4 shows the two curves corresponding to equations 16 and 17, with the 
aid of which the experimental [17] values were converted in Pn- On each curve 
are a few representative points, referring to actually measured values of [t|] 
for certain samples. The intrinsic viscosities were determined by measuring 
the specific viscosity at four or five different volume concentrations of the solute 
(between 0.1 and 0.5 per cent) and extrapolating the ijip/c straight line to zero 
^concentration. 
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Table 1 contains the number average polymerization degrees as computed from 
the intrinsic viscosities for the polymer formed in toluene at 100°C., and table 2 
the corresponding values for 100®C. in carbon tetrachloride. It can be seen 
that the latter values are considerably smaller than the former, as already ob¬ 
served by Schulz (27,30) and Suess and his collaborators (36). 

' TABLE 1 


Initial number average polymerizcUian degrees of the polymer formed in toluene at lOO^C, 


c 

Ml "• 10 per cent 

Ml «■> 20 per cent 

Ml >* 40 per cent 

percent 

0.04 

45 

75 

140 

0.08 

40 

60 

105 

0.16 

30 

40 

85 

0.32 

20 

30 

50 


TABLE 2 

Initial nuwher average polymerization degrees of the polymer formed in carbon 

tetrachloride at lOO^C. 


c 

Ml “ 10 per cent 

M, 20 per cent 

Ml * 40 per cent 

p$r c*nt 

0.04 

33 

36 

38 

0.08 

20 

26 : 

32 

0.16 

16 

22 1 

29 

0.32 

12 

i 

25 


In a previous article (compare equation (16) on page 385 of n^ference 1), the 
initial number average polymerization degree for a peroxide-catalyzed styrene 
polymer has been represented as 

Pn (initial, catalyzed) = (18) 

rCZe “T hit 'ttti 

where nii = concentration of the monomer, 

c* = concentration of the active catal^^st, 
kig = rate constant of normal growth, 
ktt == rate constant of chain transfer, and 

kze = rate constant of termination by collision of the growing chain with 
another grow ing chain or a catalyst radi(;al. 

In order to check the significance of this equation, which already involves cer¬ 
tain simplifications (compare the discussion on pages 384, 385, and 386 of 
reference 1), it is appropriate to discuss the value of l/Pn rather than P„ itself 
as a function of the quantifiers involved: 
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In a solvent which catalyzes chain transfer, such as cwrbon tetrachlinide, at 
low catalyst concentrations, ktcC* can be c(»isidered as small compared with both 
and and equaticm 19 reduces to 

1/K - ( 20 ) 

The number average degree of polymerization becomes independent of mono¬ 
mer concentration and is given by the ratio of the probability for chain propaga- 



Fig. 6. Reciprocal number average polymerization degree plotted against reciprocal 
monomer concentration. The four curves (1 to 4) correspond to catalyst concentrations of 
0.32, 0.16, 0.08, and 0.04 per cent. Runs are in carbon tetrachloride. 

tion and chain transfer. In this case termination plays only a minor r61e; one 
produces short chains, but produces them at a high rate. Suess and his collabo¬ 
rators (compare the lowest curve in Figure 2 on page 369 of reference 36) have 
already found indications for this behavior, and Majo (18) has studied it more 
thorou^y recently. Curve 4 in figure 6 shows that these conditions are 
apparently approached (although not exactly fulfilled) during the runs at 100®C. 
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in carbon tetrachloride with 0.04 per cent catalyst concentration. The rate of 
propagation, kig^ is about 46 times as great as the rate of chain transfer. 

As the catalyst concentration increases, kzcC^ cannot be neglected any more in 
comparison with kzgtnu although it still can be neglected as compared with k^gnii. 
In this case equation 19 reduces to 

\/K = + 1“ (21) 

K^g f^g 

Plotting 1/Pn versus l/wii, as represented in figure 6, one lias to expect a 
straight line for each catalyst concentration. This is not exactly true in the 
figure, but it is not too badly fulfilled either. All interpolated straight lines con¬ 
verge at high monomer concentrations to a point in the neighborhood of Pn = 45, 
as required by equations 20 and 21. 

If, on the other hand, the solvent does not favor chain transfer (toluene, 
ethylbenzene, xylene), k^tUh in equation 19 can be neglected as compared with 
kzeC* and one obtains 


1/Pn 


_ kzeC* _ 

kzeC* + hgirii 


( 22 ) 


If ^ 2 * is \ery small (very unfavorable conditions for chain transfer), this will 
even be permissible at low catalyst concentration.s (or high monomer concentra¬ 
tions), in which case kzcC* is small Jis compared with kngmi. Hence we obtain 

V?« = (23) 

Kzg nil 

\^hich expresses the fact that under such conditions the initial number average 
polymerization degree is produced by (‘ompetition of propagation k 2 o and ter¬ 
mination kzc’ Plotting again 1/P„ versus 1/mi, one has to expect straight lines. 
Figure 0 shows a plot of our measurements at 100°C. in toluene at different 
monomer and catalyst concentrations. The curves seem to cmei’ge from the 
origin as straight lines, the slope of which leads to an approximate ratio of 
around 5 for k 2 g/kzcC*. Assuming 


e see that the probability for propagation is about 100-250 times as great as for 
termination, which permits use of the steady state as deriverl by Oinell and 
Simha (10). 

It can be clearly seen from figure G that the curves bend towards the abscissae 
as the monomer concentration decreases. This follows from equation 19 if one 
neglects kztirii in comparison with kzcC*, but not kzeC* as compared with k 2 gmu 
One obtains 


kzcC* 

kzcC* + kigTHi 


i/p» = 


(24) 
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which in the plot figure 6 represeits a curve of the type oi a Langmuir adsorp¬ 
tion isotherm. 

We do not feel that the number of our observed points is great miouidi to draw 
further conclxisionB as to the exact numerical relatimiships between Ihe three rate 
constants kt,, ku, and ku at various temperatures, but it seems that the above 
diseussion contributes at least semiquantitatively to the problem of how a solvent 



Fio. 6- Reciprocal number average polymerization degree plotted against reciprocal 
monomer concentration, for the polymerization in toluene at 100®C. The four curves 
(1 to 4) correspond to catalyst concentrations of 0.32,0.16,0.08, and 0.04 per cent. 

can affect the degree up to which polymerization takes place by influencing the 
probability for chain transfer. It is intended to improve and expand the obser¬ 
vations of this kind in a later article. 

SUMMARY 

1. Polymerization of styrene has been carried out in various solvents (particu¬ 
larly toluene, methanol, and carbon tetrachloride) with various amounts of ben- 
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zoyl peroxide as catalyst at 60® and 100®C. in various concentrations of the 
moncmier. 

2. It is found that the polymerization in methanol shows certain irregularities, 
which are presumably due to the formation of a gelatinous phase during poly¬ 
merization. 

3. The initial overall rate of the polymerization increases with monomer con¬ 
centration somewhat faster than simple proportionality would require. 

4. A method is indicated to show how intrinsic viscosities of the polystyrene 
samples obtained can be used to estimate the number average polymerization 
degi-ee. 

5. The initial number average polymerization degree can be expressed in terms 
of three rate constants: rate of propagation, termination, and chain transfer. 
The influence of the solvent on the last of these is discussed. 
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INTRODUCTION 

In the previous .series of papers, attempts have been made to study adsoiption 
in relation to the constitution of the molecule adsorbed (11, 12, 13, 14). It has 
been found that the adsorption of alkaloids, organic acids, carbohydrates, and 
hj'drocarbons of both the aliphatic and the aromatic series is considerably de¬ 
pendent on the constitution of the molecule. Definite evidence for particular 
orientations of the adsorbed molecules has been obtained. The present paper 
deals with the adsorption of some more organic compounds in the vapor phase. 

No systematic attempt has been made by previous authors to study the ad¬ 
sorption of members of different homologous series. Anderson (2) studied the 
adsorption of alcohol on silica gel. The isothenns obtained showed a hysteresis 
loop. The appearance of the loop might be due to the presence of residual air 
inside the gel, as Lambert and Clark (5), using carefully evacuated gel, obtained 
a series of .smooth isotherms, no hysteresis effect being noted. Traube and St. 
Birutowitsch (29) measured the ad.«orption of some alcohols, esters, and ketones 
on both charcoal and silica gel. They considered the adsorbed layer to be mono- 
molecular in nature. Others who have generally depended on the dynamic 
method for the measurement of such compoimds on silica gel include Holmes 
and Weide (17), Patrick and Opdycke (23), Okatov (20), Jone.s and Outridge (19), 
von Putnoky and Sz^Ienyi (26), and Schmidt and Hinteller (28). 

In the present experiments, the adsorption of different homologues of alcohols 
esters, and ketones on silica gel has been measured. A static method of investi¬ 
gation has been used, in which the gel has been thoroughly degassed. The com¬ 
plications arising from the presence of residual gases are thus absent. 


1 Abridged from Doctoral Thesis of B. ?. Gyani, Patna, 1944. 
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bxpebimental 

The apparatus employed is shovm in figure 1. The amount of adsorption was 
determined by direct weighing of the gel. About 5 g. of the gel was weighed out 
in the bulb B, which was then sealed to the tap Ti carrying the ground joint J at 
the other end. The stopper G served to connect or disconnect the reservoir L, 
containing the experimental liquid, with the rest of the apparatus. The pressure 
of the vapor inside the apparatus was recorded on the manometer M, which was 



read by means of a cathetometer. The whole apparatus, including part of the 
manometer, was enclosed inside an electrically regulated air thermostat. The 
measurements were thus extended nearly up to the vapor i)ressure of the liquid 
at the temperature of the thermostat. 

The pump system consisted of a two-stage mercury diffusion pump backed by 
a Cenco-Hyvac oil pump. To protect the pumps from vapor a series of adsorbers 
(3) was used. Evacuation was started with the tap G closed and all the other 
taps open. The gel was simultaneously heated to about 250°C. When the gel 
had been completely degassed, taps Ti and Ts were closed. The liquid in the 
reservoir L was freed from air by repeated evacuation, till it recorded the vapor 
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pressure at the pure compound on attaining the temp^ature of the thermostat. 
To sweep out t^e last traces of impurities from the gel, it was allowed to attain 
the maximum adsorption at saturation pressure, and then degassed by ocmtinu- 
ous evacuation and heating. All the liquids employed in these measurements 

TABLE 1 


Adaorplim of ethyl edeohol on eiliea gel 


p 

P/U 

xfm 

P 

x/m 

P 

pfpt 

x/m 

JL 

*/m 

87.0 

0.8683 

78.85 

1.1035 

31.0 

0.3144 

40.59 

0.7760 

84.7 

0.8454 

77.18 

1.0972 

25.0 

0.2495 

37.29 

0.6703 

81.0 

0.8086 

73.81 

1.0971 

18.5 

0.1846 

34.12 

0.5421 

68.5 

0.6838 

70.12 

0.9774 

13.0 

0.1297 

31.49 

0.4129 

62.9 

0.6279 

68.40 

0.9197 

10.0 

0.0999 

30.43 

0.3286 

57.0 

0.5690 

66.70 

0.8545 

7.0 

0.0699 

28.78 

0.2432 

52.0 

0.5190 

63.08 

0.8246 

4.3 

0.0429 

27.01 

0.1502 

48.0 

0.4791 

49.98 

0.9603 

3.0 

0.0299 

25.43 

0.1180 

44.0 

37.0 

0.4392 

0.3693 

45.60 

44.71 

0.9650 

0.8276 

1.5 

0.0149 

23.67 

0.0633 


TABLE 2 


Adsorption of methyl alcohol on silica gel 


P 

p/p> 

x/m 

P 

x/m 

P 

P/P* 

x/m 

jL 

x/m 

161.5 

0.8075 

111.62 

1.4470 

63.0 

0.3150 

54.70 

1.1515 

152,0 

0.7600 

107.93 

1.4086 

56.5 

0.2875 

52.05 

1.0852 

143.0 

0.7150 

104.72 

1.3660 

50.2 

0.2510 

49.60 

mSSm 

136.0 

0.6800 

102.58 

1,3256 

42.5 

0.2125 

46.84 


128.0 

0.6400 

99.72 

1.2835 

35.5 

0.1775 

45.04 

0.7882 

122.0 

0.6100 

93.98 

1.2978 

28.0 

0.1400 

42.20 

0.6636 

113.0 

0.5650 

84.10 

1.3436 

21.0 

0.1050 

39.91 

0.5261 


0.5254 

77.83 

1.3490 

16.2 

0.0810 

37.35 

0.4337 

96.0 

0.4800 

74.20 

1.2936 

8.0 

0.0400 

31.97 

0.2503 

91.0 

0.4550 

69.64 

1.3067 

5.2 

0.0260 

29.74 

wHIrin 

88.5 

0.4425 

68,90 

1.2218 

3.5 

0.0175 

27.38 


70.0 

0.3500 

58.42 

1.1983 

2.0 

0.0100 

25.72 



were of the purest available quality, and were freshly distilled before use. The 
data refer to a temperature of 35®C. ± 0.06° except where otherwise stated. 

BESULTS 

The experimental results are recorded in tables 1 to 14. The first column id^es 
the equilibrium pressure, p, in millimeters of mercury. The second column gives 
the relative pressures p/p., where p. = saturation pressure of the liquid at 35*C. 















TABLE 3 


AdBorption of methyl formate on silica gel (Sl^C,) 


p 

PIP* 

*fm 

JL 

»lm 

P 

tit. 

x/m 

x/m 

246.0 

0.2911 

47.87 

6.1390 

40.0 

0.0474 

25.97 

1.5403 

166.0 

0.1846 

39.20 

3.9790 

30.0 

0.0355 


1.2143 

120.0 



3.1116 

26.0 

0.0295 

23.83 

1.0490 

100.0 

0.1184 


2.9940 

18.0 

0.0213 

22.22 

0.8100 

72.0 


29.87 

2.4176 

10.0 

0.0118 


0.4975 

49.Q 


27.11 



0.0083 

18.13 

0.3861 


TABLE 4 


Adsorption of methyl formate on silica gel 


P 

tit. 

xlm 

J- 

xlm 

WjM 

pfp» 

x/M 

JL 

xfm 

262.0 

0.2982 

44.13 

5.7110 

65.0 

0.0769 

28.07 

2.3155 

230.0 

0.2721 

42.20 

5.4500 

53.0 

0.0627 

26.70 

1.9850 

199.0 

0.2355 

39.47 

5.0420 

41.0 

0.0485 

25.40 

1.6145 

168.0 

0.1988 

36.83 

4.6610 

31.0 

0.0444 

23.73 

1.3067 

132.0 

0.1563 

34.12 

3.8680 

25.0 

0.0367 

22.39 

1.2260 

102.0 

0.1207 

31.55 

3.2330 

15.0 

0.0296 

20.13 

0.7452 

83.0 

75.0 

0.0982 

0.0888 

29.90 

29.03 

2.7760 

1 2.5840 

8.0 

0.0093 

i 

17.93 

0.4462 


TABLE 5 


Adsorption of ethyl formate on silica gel 


^ ! 

1 

PIP* 

xfm 

P 

xfm 

P 

PIP* 

xfm 

JL 

xlm 

260.0 

0.7328 

52.03 

4.9971 

80.0 ! 

0.2204 

32.86 

2.4729 

230.0 

0.6334 

51.27 

4.4860 

65.0 

0.1790 

29.85 

2.1708 

192.0 

0.5288 1 

49.00 

3.9184 

63.0 

0.1460 

28.16 

1.8821 

162.0 

0.4462 

47.11 

3.4387 

38.0 

0.1047 

25.92 

1.4661 

147.0 

0.4053 

42.73 

3.4402 

20.0 

0.0551 

21.99 

0.9091 

120.0 

0.3306 

37.99 

3.1579 

15.0 

0.0413 

20.97 

0.7153 

115.0 

0.3167 

35.82 

3.2105 

7.0 

0.0193 

19.86 

0.3525 


TABLE 6 


Adsorption of methyl acetate on silica gel 


P 

tit. 

xlm 

JL 

xfm 

P 

PIP* 

xfm 

Jl. 

xfm 

174.0 

0.5385 

51.30 

3.3890 

54.0 

0.1672 

31.94 

1.6900 

141.0 

0.4365 

48.86 

2.8860 

45.0 

0.1393 

30.24 

1.4880 

137.0 

0.4241 

47.80 

2.8650 

30.0 

0.0927 

27.23 

1.1020 

124.0 

0.3839 

47.13 

2.6310 

25.0 

0.0773 

25.81 

0.9685 

120.0 

0.3715 

46.22 

2.5960 

10.0 

0.0310 

23.72 

0.4217 

112.0 

0.3467 

43.59 

! 2.5690 

8.9 

0.0275 

21.22 

0.4195 

96.0 
70.0 1 

0.2973 

0.2167 

39.53 

34.80 

2.4290 

2.0110 

6.0 

0.0152 

17.58 

0.2845 
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TABLE 7 

AdeorpHon of n^propffl tieeiate on Mica fol 


p 

Plh 

»fm 

j. 

stm 

P 

*/p> 

*/m 

7^ 

48.0 

0.8888 

35.16 

1.3653 

24.0 

0.4444 

32.84 

0.7479 

45.0 

0.8334 

35.11 

1.2815 

13.0 

0.2408 

29.61 


40.0 


35.09 

1.1400 

10.0 

0.1852 

28.17 

0.3550 

85.0 

81.0 

0.6482 

0.5741 

34.84 

34.42 


6.0 

0.0926 

23.73 

0.2157 


TABLE 8 


Adsorption of acetone on silica gel 


P 

pipt 

xlm 

xfm 

P 

pipt 

x/m 

JL 

x/m 

278.0 

■jHjll 

63.39 

4.3850 

64.0 



1.7854 

222.0 


61.80 


55.0 


33.41 


213.0 

0.6246 

59.87 

3.5580 

41.0 




186.0 

0.5454 

57.31 

3.2450 

31.0 


29.65 


157.0 



2.8520 

23.0 


27.29 


146.0 

0.4282 

51.32 

2.8450 

14.0 





0.3519 

47.21 

2.5425 

4.0 


21.21 

0.1886 

107.0 

0.3138 

42.73 


2.0 


18.88 

0.1069 

75.0 


36.73 







TABLE 9 


Adsorption of ethyl acetate on silica gel 


P 

p/pt 

x/m 

P 

x/m 

P 

pipt 

x/m 

jL 

x/m 

112.0 

0.7619 

43.40 

2.5805 

43.5 

0.2926 

31.84 

1.3508 

102.0 

0.6939 

42.86 

2.3800 

36.5 

0.2483 

29.11 


88.5 

0.6020 

42.16 

2.0990 

28.0 




83.0 

0.5647 

41.53 

1.9991 

24.0 

0.1633 

24.17 

0.9933 

77.0 

0.5239 

40.38 

1,9115 

18.0 

0.1225 


0.9797 

64.5 

0.4388 

38.35 

1.6860 



19.29 

0.5185 

55.0 

0.3744 

36.13 

1.5225 


0.0476 

17.62 

0.3974 

53.7 

0.3653 

35.73 

1.5033 

3.6 

0.0245 


0.2246 

47.5 

0.3197 

33.40 

1.4078 

2.5 


14.79 

0.1690 


TABLE 10 


Adsorption of n-propyl alcohol on silica gel 


P 

P/P* 

x/m 

P 

x/m 

P 

p/p* 

x/m 

x/m 

30.0 

0.8180 

60.00 

0.5000 

13.0 

0.3513 

89.42 

0.3297 

25.0 

0.6756 

58.98 

0.4239 

10.0 

0.2838 

35.98 


23.0 

0.6216 

55.86 


8.0 

mmm 

33.75 


21.0 

0.5675 

50.42 

0.4165 

6.0 

mSsm 

31.81 

0.1887 

17.0 

0.4594 

1 44.20 

0.3856 

4.6 


30.50 

0.1509 
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TABLE 11 


Adsorption of n-propyl formate on silica gel 


p 

P/Pt 

x/m 

x/m 

P 

#//. 

’ 

xlm 

P 

x/m 

128.0 

0.0622 


2.9081 

35.0 

0.2631 

30.12 

1.1480 

107.0 

0.8044 


2.5176 

20.0 

0.1504 

25.00 

0.8000 

$3.4 


41.72 

2.0000 

16.6 

0.1241 

24.07 

0.6850 

06.0 

0.4961 

39.69 

1.6634 

14.0 

0.1052 

23.30 

0.6009 

56.0 


38.82 

1.4433 

10.0 

0.0752 

21.39 


61.0 

0.3834 

36.94 

1.3821 

8.0 

0.0601 

20.50 


43.0 

0.3233 


1.2991 

4.0 

0.0301 

18.39 

IibI 


TABLE 12 


Adsorption of n-bviyl alcohol on silica gel 


p 


x/m 

P 

x/m 

P 

t/p> 

x/m 

P 

x/m 

10.0 

0.7478 

47.10 



0.1481 


0.0539 

7.0 

0.6186 

45.62 

0.1534 

msm 

0.0741 


0.0318 

4.0 

0.2964 

42.38 

0.0944 



■H 



TABLE 13 


Adsorption of methyl sec-butyl ketone on silica gel 


P 

x/m 

P 

x/m 

P 

x/m 

P 

x/m 

25.5 

33.20 

0.7680 

10.0 

30.31 

0.3300 

21.5 

33.16 

0.6483 

8.0 

28.51 

0.2806 

16.0 

33.00 

0.4849 

6.0 

26.35 

0.2277 

13.0 ' 

1 32.11 

0.4048 

4.0 

20.67 

0.1933 


TABLE 14 


Adsorption of diethyl ketone on silica gel 


p 

x/m 

P 

x/m 

p 

x/m 

P 

x/m 

44.0 

43.62 


16.5 

36.61 

0.4508 

41.5 

42.48 


15.0 

33.91 

0.4425 

35.5 

41.95 


8.5 

26.98 

0.3148 

31.5 

41.77 


6.2 

25.54 

0.2427 

27.0 

40.98 


4.5 

24.16 

0.1863 

24.5 

40.67 


2.0 

20.91 

0.0957 

20.5 

38.64 






The third column records the maximum amounts adsorbed in gram-moles (X 10^) 
per gram of the gel, obtained as described elsewhere. 
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DISCUSSION 

In the experiments recorded in the previous pageB, values ffB:||Bi^tdsoiptio^ of 
methyl, ethyl, n-propyl, and n-butyl alcohols, of meth|rlr n^propyl 

format^ and acetates, and of acetone and diethyl ketonem amvated silica gel 
have been determined. An examination of the data shdv^s that sUica gel is a 
powerful adsorbent for the vapors of all these substances. The amount oi ad-- 
sorption in all the cases, when saturation has been reached, is about one-third the 
weight of the gel. It would be interesting to compare some of the present values 
with those obtained for active charcoal by previous authors. 


SUBSTANCE 

x/m BOX BZUCA OBL 

x/m BOX CBAXCOAX. 

OBSXXVKX 

Ethyl formate. 

0.394 g. 

0.430 g. 

Coolidge (6) 

Methyl acetate. 

0.436 g. 

0.470 g. 

Coolidge (6) 

Methyl alcohol. 

0.358 g. 

0.365 g. 

Coolidge (6) 

n-Pentane. 

0.304 g. 

0.312 g. 

Polanyi and 
Goldmann (4) 


It is evident that adsorption in both cases is practically the same. In this com¬ 
parison, it must be remembered that all the data regarding active charcoal refer 
to 0®C., while the data of the present authors refer to 35®C. As the temperature 
coefficients of adsorption for the vapors is generally negative, the amounts of 
adsorption for silica gel when referred to 0°C. would be distinctly increased. One 
is thus led to think that the special capillary structure sometimes ascribed to silica 
gel, even if it represents a true picture, does not make it less efficient as compared 
to charcoal. 

It is usual to analyze experimental data on adsorption in the light of the para¬ 
bolic equation: 

x/m =a 

In the present case, as the saturation pressures of the various liquids are widely 
different, it would be more reasonable to compare the amount of adsorption at 
the same relative pressures, i.e., at the same values of p/p«. Consequently, the 
values of x/m in gram-moles (X 10^) have been plotted against the relative pres¬ 
sures, p/p„ and the curves are given in figure 2. This figure has also been utilized 
to determine the values of maximum x/m by extrapolating the curves to p/p, = 1. 

It has often been considered that the amount of adsorption varies regularly 
with increasing molecular weight of the adsorbate. Some authors have recorded 
an increase in adsorption, among whom may be mentioned Griffin, Richardson, 
and Robertson (9), Hayashi (15), and Bhatnagar, Kapur, and Bhatnagar (3). 
Others, for example, Heymann and Boye (16), Tsuruta (30). and Bhatnagar, 
Kapur, and Bhatnagar (4), observed the reverse effect, which has been variously 
ascribed to the presence of impurities (30), inverse orientation of the adsorbed 
molecules (18), and reduced size of the ultra-pores (7, 25). 

An examination of the curves in figure 2 shows that the amount of adsorption 
at high relative pressures is always in the inverse order of the molecular weight of 
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the vap^.. It must be p<^ted out that if comparison is made at compara¬ 
tive low qflati^ pressures, or if the adsorption data be plotted as r/m against 
p, different resuflbre obtained. This aspect must be borne in mind in consider¬ 
ing the effect of |Becular weight on adsorpti(^. This iaclear from a comparison 



0 0.1 0,2 0,3 0.4 0.5 0.6 0.7 0,8 0,9 1,0 


Relative pressures,p/Pg 

Fig. 2a. Adsorption isotherms of alcohols: xtm plotted against p/p. 


of the isotherms of alcohols in figures 2 and 3. The order in the former instance 
is methyl > butyl > ethyl > propyl, which becomes butyl > propyl > ethyl > 
methyl in the latter. The order of the curves in the upper portions, however, 
remains unaltered. 

Adsorption on silica gel has often been convsidered to be in accordance with the 




i, f. OTAm AHO ». 8. OAmuXiT 



Relative pressures, p/pg 

Fio. 2b. Adsorption isotherms of esters and acetone; x/m plotted against p/p. 


80 

60 

x/m 

40 

20 


p in tnm. 

Fig. 3. Adsorption isotherms of alcohols: x/m plotted against p 
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capillary condensation theory (21,31)« According to this theory, the amount of 
adsorption should be inversely proportional to the molecular volumes of the 
liquids. To mcamine the present data in the light of the capillary condensation 
theory, the value of the product (maximum adsorption X parachor) for each of 
the compoxmds has been calculated. Parachor values are preferred to molecular 
volumes, for the data in the former case are easily available and do not require 
any correction due to differences in surface tension. The values of this product 
are recorded in column 3 of table 15, whence it is evident that they cannot be 
regarded as satisfactory constants. Thus, there is no strict proportionality be¬ 
tween adsorption and the inverse molecular volumes of the liquids. 


TABLE 15 

N as maximum number of gram-moles adsorbed (XIO^) 


SUBSTANCE 

y 

N X PARACHOS 

Methyl alcohol. 

120.0 

1102.8 

Ethyl alcohol. 

80.0 

1048.2 

n-Propyl alcohol. 

61.2 

1048.5 

n-Butyl alcohol . . 

48.4 

1018.0 

Methyl formate.,. ... 

70.3 

972.7 

Ethyl formate.. . ... 

54.0 

956.0 

Propyl fonnato. 

44;.7 

965.6 

Methyl acetate. ... 

54.0 

954.2 

Ethyl acetate. 

44.0 

955.5 

Propyl acetate. 

37.0 

947.7 

Acetone. 

64.7 

1037.0 

Diethyl ketone. 

45.0 

1072.0 


The present experimental data may be examined in the light of the mono- 
molecular theory. Langmuir’s formula, with slight transformations, may be 
written as 


JL = l + P 

x/m ab b 

It is clear that the plot of against p should be a straight line, having a slope 

l/b and an intercept l/a6. The present data have been plotted in the above 
manner in figure 4. The ketones and esters show a marked tendency toward 
being linear, and the adsorption of these compounds may be considered as being 
limited to a monoraolecular layer. In the case of alcohols, however, the graphs 
based on the Langmuir equation are not linear and exhibit points of inflexion. 
Up to a pressure of about 40 mm., a more or less linear curve for all the alcohols is 
obtained. As the pressure increases the curves bend, and several points of in¬ 
flexion appear. At still higher pressures, the curves again exhibit a rough tend¬ 
ency toward being linear. The second and subseciuent branches slope at a dis¬ 
tinctly smaller angle. The peculiarities cannot be put down as being due to 
inaccuracies in experimental measurements. In the case of alcohols, the experi- 
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mental data have been obedced by careful duplicate expenments, tiie equilUhaium 
being attamed from both sides. 

It is posffible to interpret Ihe b^avior of ihe alcohols in sev«al ways. It mig^t 
be ooiuMered that ade<Bption in the initial stages is strictly mcmomoleoular, but 
as ihe pressure increases and a greater crowding of the molecules mi the surface 
sets in, a second layer may begin to be formed. A careful examinalaon of the 
curves in figure 2, however, brings out a dMculty. The surface valencies 
shoukl be cmiindered to be satined to a large estent in the first layer, ami only 
a weak field of force would be available for building up a seccmd layer. Thus, the 
rate at which the second layer wdll be formed will be definitely slower. Ckmse- 
quently, the slope of the curve corresponding to the formation of the second layer 



should be less steep. This is just the opposite of what is seen from figure 2. 
Apparently, the adsorption process corresponding to the second branch pro¬ 
ceeds at a somewhat higher rate, and it is difficult to reconcile this behavior with 
the theory of the second layer. 

The case of the alcohols may be conmdered from a second point of view. The 
presence of different groups of elementary spaces, which will become operative 
at different stages of adsorption, has often been considered. Thus, the adsorp- 
timi curves obtained by Gustaver (10) showed different branches which correspond 
to different sets of active patches. Such a postulate regarding the active surface 
would not satisfactorily explain the peculiarities met with in the case of alcohols. 
The other vapors studied in the present experiments have failed to reveal any 
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tendaicy towards stepwise isotherms. There is no reason why these should not 
be revealed in the adsorption of vapors other than the alcohols, the adsorbing sur¬ 
face remaining the same in all cases. 

In the view of the authors, the behavior of the alcohols might be sufficiently 
explained on the basis of a chemical theory. It is assumed that the adsorbing 
material enters into a loose chemical combination with the alcohols, giving rise 
to alcoholates, somewhat analogous to hydrates of salts. The combination en¬ 
visaged in the present hypothesis should not be considered as a compound which 
separates out as a new phase from the bulk of the adsorbing material. Evidence 
for this point of view is obtained from an analysis of the curves in figure 2. The 
values of xjm at the points where the first distinct changes in the slopes of the 
curves occur is approximately 48 X 10”^ gram-moles per gram of the gel for all 
the alcohols studied. Considering the gel as pure silica, this corresponds to the 
ratio 48 molecules of alcohol to 166 of silica. Obviously there is no simple 
stoichiometric ratio between the adsorbing and adsorbed materials. This is to 
be expected, since the gross weight of the gel does not enter into the combination. 
It is only the molecules at the surface which operate in the formation of the alco¬ 
holates. If we similarly consider the amount of adsorption corresponding to the 
second break in the case of alcohols which exhibit a pronounced second discon¬ 
tinuity, it corresponds to about 72 X 10““^ gram-moles. Thus tlie ratio between 
the molecules of alcohol corresponding to the first and second breaks is roughly 
2:3. This simple integral ratio between the number of alcohol molecules for a 
fixed amount of surface silica definitely suggests the formation of alcoholates 
between which the same ratio applies. Patrick and Greider (22) found that a 
certain sample of silica gel took up 36.1 per cent water, which corresponds to 
lSi02:lH20. The corresponding maximum adsorption obtained by Ray and 
Ganguly (27) was 37.5 per cent which, owing to some error in calculation, they 
take for the formation of the hydrate Si02 *21120. Alcohols, l^ing nearest to 
the water molecule in constitution, might easily form definite alcoholates. In the 
view of the present authore, this is the most important factor in so far as the 
peculiarities in the cases of ethyl and propyl alcohols are concerned. The case of 
butyl alcohol is, however, slightly different. 

A very important set of obser^’ations, which has a bearing on tlie foregoing dis¬ 
cussion, is due to Allmand and others (1). They have shown that a number of 
adsorption processes are discontinuous. The discontinuities, though small, are 
quite distinct. In fact, the adsorption isotherm rises in a series of regular steps 
from the beginning to the end. The explanation given by Allmand is that the 
adsorption process '‘starts from active centres on the adsorbent, and the mole¬ 
cules spread out in a series of concentric rings to form a two-dimensional pool or 
island of adsorbed molecules.’' Evidently, this theory would not meet the case of 
the alcohols, where, for quite a large portion of the isotherms, the course is 
smooth. In the absence, however, of further experimental verification and a 
more precise enunciation of the nature of forces operative in filling up the concen¬ 
tric rings, further comments are difficult. 
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BXTMKABT 

1. The adsorption of the lower members of the series of alcohols^ esters, and 
ketones on active silica gel has been measured by a static method, the gel being 
completely freed from residual gases. 

2. Silica gel is a powerful adsorbent for all the vapors studied. The maximum 
capacity is as good as that of the charcoals used by Coolidge or Polahyi and 
Goidmann. 

3. At high relative pressures the amounts of adsorption are always in the in¬ 
verse order of the molecular weights in the same series of compounds. These 
orders are not maintained at lower relative pressures, and may further change 
according to the mode of plotting adopted. 

4. Esters and ketones give smooth isotherms; those for the alcohols reveal 
multiple branches. The peculiarities in the curves for alcohols have been ex¬ 
plained on the basis of formation of surface compounds. 

5. The capillary condensation theory has been examined afresh with the help 
of the parachors of the compounds studied, and is not found to apply satisfac¬ 
torily as far as the present data are concerned. 
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I 

The equilibrium spreading coefficient on water 

F; = 7^ - 7^ - ylo - TFl - (1) 

(where y'm and yi are the surface tensions of water and organic liquid, respec¬ 
tively, and ylo is the interfacial tension, all quantities, as well as W'a and Wc {cf, 
later), referring to mutually saturated phases and surfaces) is always zero, ac¬ 
cording to Antonoff (2, 3). A number of other investigators, however, have 
found small negative values in the case of many amphipathic organic compounds. 
Some results are shown in table 1. 

It is seen that the compounds of group A are incapable of hydrogen-bond 
formation and approach fairly clasely a zero value for irrespective of the 
polar or non-polar nature of the molecule in question. On the other hand, the 
compounds listed under group B, which are all amphipathic and in which 
the polar group is capable of hydrogen-bond formation and thus possesses strong 
attraction for water, exhibit appreciably negative values for F^, except for the 
results obtained by Antonoff and coworkers. Antonoff is of the opinion that the 
experiments of all workers who obtained a value of F[ differing from zero are 
invalidated mainly by non-attainment of equilibrium with regaixi to all bulk 
phases and surfaces. Further experimental research will have to show whether 
this claim can be upheld. 

Langmuir (14), Harkins (9). and Miller (15) have put forward theoretical con¬ 
siderations in favor of the reality of a finite negative equilibrium spreading coeffi¬ 
cient. Miller has interpreted the negative spreading coefficient in terms of the 
work of orientation. 

We have pointed out recently (19) that, if a lens of an amphipathic compound 
is considered in equilibrium mith the monolayer on ivatei\ the work of cohesion of the 
organic liquid in bulk {Wc) is greater than the work of separation of the organic bulk 
phase from the interfacial layer of the amphipathic substance which is oriented (TFa), 
because the first process involves the formation of two oriented layers, whereas 
the second involves the formation of only one newly oriented layer. As a conse¬ 
quence, F, is negative. 

H. L. Cupples.(6) considers that it should be impossible (by our reasoning) 
to predict whether Wa is greater or smaller than TFc, because, while Wc depends 
only on W\ depends on all three tensions, which he apparently assumes to be 
independent of each other. In our opinion, this assumption is erroneous, because 
7wo depends on both y ^ and 7 ^, its magnitude being determined by the forces 
between the organic molecules and those between the water molecules, as well 
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as the mutual forces between (organic and water moleculas. Furtiier, Oupples 
considers that the free-energy chan^ associated with oiientaticm may only be 
small fractions of Wa and Wc- However, as will be shown in Section III (table 
2), the work of orientation may amount to more than 20 per cent of Wc. Even 
if it were considerably smaller than this estunate, tbis would not impair our 


TABLE 1 

Values of equilibrium spreading coefficient on water 




ISM- 

PESATUSE 

XSfSlEMCE 


ergs X cmr* 

X. 


Croup A: 




Cyclohexane. 

-1.0 

25 

Carter and Jones (5) 

Benzene. 

-0.2 

25 

Carter and Jones (5) 

Benzene. 

0 

19 

Fox (8) 

Benzene . 

-1.5 

20 

Harkins (9) 

Carbon tetrachloride . . . 

-0.4 

23 

Miller (15) 

Carbon tetrachloride. 

0 

17 

Fox (8) 

Nitrobenzene. 

+0.14 

25 

Carter and Jones (5) 

Nitrobenzene. 

0 

18 

Fox (8) 

Nitrobenzene. 

-0.21 

25 

Bartell and coworkers (4) 

Chloroform. 

0 

18 

Fox (8) 

Chloroform. 

+0.1 

18 

Reynolds (17) 

o-NitrotoIuene. 

-0.2 

23 

Miller (15) 

Group B: 




Aniline. 

-2.7 

22 . 

! Fox (8) 

Aniline. 

-0.6 

20 

Reynolds (17) 

n-Butyl alcohol .,. 

-3.4 

25 

Carter and Jones (5) 

eec-Butyl alcohol. 

0 

25 

Antonoff and coworkers (2) 

Isoamyl alcohol 

-2.6 

25 

Harkins (9) 

Isoamyl alcohol .. . 

0 

25 

Antonoff and coworkers (2) 

n-Heptyl alcohol . . 

-5.9 

20 

Harkins (9) 

n-Heptyl alcohol 

-5.6 

25 

Carter and Jones (5) 

w-Cresol ... 

-4.1 

25 

Carter and Jones (5) 

Isobutyric acid... 

0 

25 

Antonoff and coworkers (2) 

n-Caproic acid_ 

-3.7 

25 

Carter and Jones (5) 

Nonylie acid. 

-2.4 

25 

Carter and Jones (5) 

Oleic acid. 

-4.0 

23 

Miller (15) 

Oleic acid. 

-3.0 

18 

Heymann and Yoffe (11) 

Lin oleic acid. 

-1.4 

23 

Miller (15) 

n-Amyl phthalate. 

-3.1 

23 

Miller (15) 


argument, because —F', is usually of the order of 1.5-6 ergs X cmr* for lamphi- 
pathic compounds, and hence only a small fraction of W'a and ITc. 

II 

Our conclusion that W'a < W'c receives further support from an analysis of the 
forces that are involved. On separating a column of a liquid hydrocarbon, the 
w’ork of cohesion of the hydrocarbon Wc is required, its magnitude being deter¬ 
mined by the van der WaaJs forces between the hydrocarbon molecules. 
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Figure 1 shows a column of an amphipathic organic liquid in equilibrium with 
an aqueous phase having a layer of oriented amphipathic molecules in the inter- 
face and surface.^ If separation is effected at the cross-section AA\ the work of 
cohesion of the organic phase is required. W'c will be greater than Wc because 
separation in this case involves work against the dipole and hydrogen-bond forces 
between the polar groups as well as against the van der Waals forces between the 
hydrocarbon chains. Many experimental findings support this conclusion. 
Firstly, the work of cohesion, calculated from the surface tension, of amphipathic 
compounds is markedly greater 20 per cent for alcohols, and up to 30 per cent 
for fatty acids, of medium chain length) than that of the corresponding hydro¬ 
carbons (c/. table 2). Secondly, the so-called molar cohesions of various groups 
and radicals, calculated by Dunkel (7) from the heats of vaporization (though 
extrapolated rather crudely to absolute zero), are as follows: CH 2 , 990; CH 3 , 


LIQUfO 


r 


A-* 

< 

aJLKPHAX 


offinmoLma 


-a: 


-B* 


mriR 

Fig. 1. A column of an amphipathic organic liquid in equilibrium with an aqueous phase 
having a layer of oriented amphipathic molecules in the interface and surface. 


1780; OH, 7250; and COOH, 8970 cal. per mole. From these figures we obtain 
for the molar cohesion of hexadecane 17,420, cetyl alcohol 23,880 and palmitic 
acid 24,610 cal. per mole, again showng greater cohesion of the amphipathic com- 
poimd than of the corresponding hydrocarbon. 

If separation is effected at the cross-section BW (in figure 1), Wa, the work of 
separation of the organic liquid phase in bulk from the oriented interfacial layer, 
is required. This involves a very much smaller number of polar groups than 
separation across AA\ because the molecules of the oriented layer have their 
hydrocarbon chains turned towards the bulk phase; this point was clearly recog¬ 
nized by Harkins (9) in the system heptyl alcohol-water. As a consequence, 
the work of separation at BB* is smaller than at AA', i.e., Wa < Wc, and thus 
is negative. Actually, Wa will have a \al\ie between Wc and Wc- 


^ The surface film is not shown in figure 1. 
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As mentioned above, fatty abohdls and fatty acids have a higher work of oo« 
hesicxn (Wc) than the corresponding hydrocarbons (TT?). Hence we may write 

Wc^WlS + Wp (?) 

where Wp is due to the contribution of the polar groups to the work of cohesion 
of amphipathic liquids. However, equation 2 admits of a more detailed inter¬ 
pretation. When an amphipathic liquid is pulled apart, the two newly created 
surfaces contain the molecules with their hydrocarbon chains oriented outwards, 
although the chains will not be strictly parallel as a consequence of thermal agita¬ 
tion which produces a certain amount of ^^disorientation.” The configuration 
of the surface of a hydrocarbon is probably not veiy much different from that of 
an amphipathic liquid, according to Adam’s (1) discussion of the tei]^perature 
coefficient of the surface tension of both classes of liquids. For thermodynamic 
reasoning, the process of pulling an amphipathic liquid apart may be considered 
to consist of bringing the molecules in the cross-section concerned to a degree of 
orientation corresponding to that of the surface, and then pulling apart the some¬ 
what oriented layers of hydrocarbon chains thus formed. The same process may 
also be visualized for the hydrocarbon. 

The work of orientation of the amphipathic liquid involves rotation of a con¬ 
siderable fraction (statistically about one-fourth) of the molecules in the cross- 
section concerned, whereby the polar groups are immersed in the bulk of the 
liquid. This work of orientation will be contained in a large measure by Wp 
•(equation 2). It would be equal to Wp if we were justified in assuming that 
the work required to pull apart the somewhat oriented layers of hydrocarbon 
chains were virtually equal to Wc (cf, equation 2), i.e., if the work of orientation 
of the hydrocarbon,^ which is actually included in Wc^ were small compared with 
Wp and Wc* There are reasons in favor of such an assumption. Orientation 
of normal hydrocarbon molecules having identical groups at both ends and pos¬ 
sessing a symmetrical field of force will involve smaller potential barriers and a 
less far-reaching geometrical rearrangement than the orientation of amphipathic 
molecules with one polar group possessing a strongly asymmetrical field of force, 
and involving rotation of about a quarter of all molecules concerned. We may 
therefore assume that, as a first approximation, Wp represents a minimum value 
of the work of orientation of the amphipathic liquid which is probablj'^ not far 
below its actual value. From equation 2 it is obvious that Wp concerns two 
layers of molecules at unit cross-section. 

Values for Wp calculated from equation 2 are shown in table 2 (for experimental 
data c/. references 13, 16, 18). 

From this somewhat limited experimental material, it is seen that Wp de¬ 
creases markedly with increasing chain length. This at first sight surprising 
result may be due to the fact that Wp (like Wc) is defined per cm.*, and the num¬ 
ber of amphipathic molecules, and hence of polar groups involved, will decrease 

* It would be interesting to estimate the work of orientation of a hydrocarbon from the 
difference between the work of cohesion of a disordered and that of an ordered hydrocarbon 
liquid. At present, we hardly possess the data necessary for such a calculation. 



BQmiJBRIXJM SPEBADING COBFPtCIENT ON WATER 


243 


with increamng chain length provided there is a certain amount of disorientation 
in the surface due to thermal agitation, as mentioned above. Xn additional 
reason may be connected with the amount of orientation already existing in the 
amphipathic liquid (cybotaxis), which is probably more pronounced with the 
higher homologues than with the lower ones, although opinion regarding the 
interpretation of x-ray data on this point appears to be divided.® 


TABLE 2 


MUVBSB or CASSON ATOMS 



IT, 

Normal alcohol at B5^C,: 




5 

30.8 

50.6 

19.8 

6 

35.8 

51.6 

15.8 

7 

39.6 

54.2 

14.6 

9 

44.8 

56.2 

11.4 

10 ! 

47.0 

56.2 

10.2 

11 i 

48.6 

57.8 

9.2 

12 

50.0 ! 

59.2 

9.2 

Normal saturated fatty acids at 
BO^C,: 




5 

32.0 

54.8 

22.8 

7 

40.6 

56.6 

16.0 

8 

43.6 

57.3 

13.7 

Normal saturated fatty acids at 
SO^C.: 




6 I 

30.4 

50.2 

19.8 

8 

37.6 

51.2 

13.6 

10 

42.2 

54.0 

11.8 

12 

45.4 

56.0 

10.6 


IV 

On separating the liquid column at A A' (figure 1) (corresponding to Wc), two 
oriented surfaces are formed, whereas on separating at BJ5' (corresponding to 
Wa) only one newly oriented surface is formed. Hence the work of orientation 
at the interface {Wpj), which is included in Wa. may, as a first approximation, 
be assumed to be one-half of Wpy the work of orientation on separating the bulk 
phase which is included in W*c. Thus we have, besides 



Wc + 

(2a) 


w'pt ^ Wf 

(3) 

and 


TFx = TT? + W'f, S TF? + Wf 

(4)* 

Hence 


f: ^Wa-Wc = Wfj - if; = -Wf 

(6) 


* Discussions on anisotropic liquids in Transactions of the Faraday Society 29 (1933), 
and on structure and molecular forces in liquids in Transactions of the Faraday Society 
38 (1937). 

^ Strictly speaking, a quantity W*c, the work of cohesion of hydrocarbon saturated with 
water, should be introduced instead of TV*. However, the difference in surface tension of a 
pure hydrocarbon and of a hydrocarbon saturated with water is inappreciable (c/. later). 
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In this reasoning, the work of orientation of hydrocarbon, wMcb iil ^nbat^y 
small coao^paied with Wc and Wf (ef. SectionJII) is n^lected. Should this not 
be pmnissible, it can be shown easily that —F', would be somewhat greater thian 
ilK. 

Further, according to equaticms 2,2a, and 5 

JTF; a (6) 

where 



7 a being the surface tension of the pure organic liquid and y'o that of the organic 
liquid saturated with water. A is usually positive, e.g., for n-heptyl alcohol 0.98, 
isoamyl alcohol 0.34, aniline 0.2, benzene 0.08 ergs X cm.”* at 20®C.; in other 
cases it is negative, e.g., for m-cresol 0.88 ergs X cm."^ (8, 9,10); for the higher 
homologues of amphipathic compounds, and for all hydrocarbons, it is very 
small because of the low solubility of water in these compounds. Hence we 
obtain 

-F; ^ ^Wp ^ iWp- A (7) 

where A may be positive or negative, but not greater than about 1 erg X cm.”®, 
and hence does not amount to more than about 10 per cent of ^Wp. 

The experimental results show that — is almost invariably smaller than 
indicated by equation 7. This is probably due to the fact that the reasoning 
leading to 

Wpj ^ ^Wp (3) 

is too simplified. The interfacial layer (at J55') is probably somewhat dis¬ 
oriented, and less well oriented than the surface film on water® resulting from 
separation at BB\ Hence, separation involves more work than that of orienta¬ 
tion of only one layer, i.e., Wpt > JTFp, and, by equation 5, 

- f: < wp (8) 

which is in agreement with experimental results. 

SUMMARY 

A theoretical discussion concerning the equilibrium spreading coefficient of 
amphipathic organic compounds on water is given, with particular reference to 
intermolecular forces and the work of orientation. The experimental material 
is briefly reviewed. 

We wish to thank A. T. Austin, M.Sc., and M. F. R. Mulcahy, M.Sc., for very 
helpful discussions. 

* Interfacial films tend to be more expanded and less well oriented than the correspond¬ 
ing surface films (1,19), owing to the reduction of the lateral adhesion between the hydro¬ 
carbon chains when in contact with an organic bulk phase. 
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INTRODUCTION 

Previous investigations carried out in this laboratory dealing with the effect 
of added strong electrolytes on the solubility of .silver acetate in water and in 
mixed solvents may be classified in two groups: (1) those in which the added 
electrolyte contained no ion common to those supplied b}^ the silver acetate (5, 8, 
9 , 10); 09) thase in which the added electrolyte furnished either silver ion or 
acetate ion (6,7). For our present purpose, the results obtained in the investiga¬ 
tions of the first group may be summarized in the statement that the effect of the 
added electrolytes on the solubility of silver acetate could be accounted for, with 
a considerable degree of accuracy, in solutions of low and moderately high ionic 

* This paper is based on a thesis presented by Martin Allen to the Graduate School of the 
University of Minnesota in partial fulfillment of the requirements for the degree of Doctor 
of Philosophy, August, 1944. 
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strength, by the changes in the activity coefficients of the ions predicted by the 
Debye equation in wldch an ionic-diameter parameter of reasonable magnitude 
is employed. The assumption was tacitly made that the strong electrolytes were 
completdy ionised and that no complex ions were formed. 

On the other hand, the Debye equation seemed to fail when applied to the 
solubility of silver acetate in water when the added electrol 3 rte was sodium 
acetate, potassium acetate, silver nitrate, or silver perchlorate. This happened 
even in the case of moderately dilute solutions. AiMwming that the departure of 
the ions from ideal behavior is due mainly to the magnitude of the ionic strength 
of their environment, we found it difficult to believe that a silver or acetate ion 
could distinguish clearly between sodium and silver ions in their neighborhood or 
between nitrate and acetate ions. We decided therefore to test the hypothesis 
that, when sodium or potassium acetate is the added electrolyte, appreciable 
amounts of the diacetatoargentate ion, Ag(C 2 H 802 )*“‘, are formed and that when 
silver nitrate or perchlorate is the added electrolyte, appreciable quantities of the 
acetatodisilver ion, Ag 2 C 2 H 802 '^, exist in the solution. 

If this hypothesis is connect, it is easy to show that, in saturated solutions of 
silver acetate containing a strong electrolyte with a common ion, the apparent 
solubility product of silver acetate will be greater than in an analogous solution of 
equal ionic strength in which the added electrolyte does not furnish a common ion; 
moreover, the difference between the two solubility products will increase with 
the ionic strength. In other words, in solutions in which the added electrolyte is 
sodium -acetate, the amount of diacetatoargentate ion \yill c#nstitute an increas¬ 
ing fraction of the total silver in the solution as the concentration of added sodium 
acetate is increased. If our hypothesis is correct, complex ions will exist even in 
solutions of silver acetate containing no other electrolyte or containing an added 
electrolyte without an ion in common. But in this case the quantities of the 
complex ions will not only be small but will also be approximately constant 
fractions of the total silver acetate. 

In previous papers (6, 7) we produced evidence indicating the formation of 
AgA 2 “ and Ag 2 A'^ (A = C 2 H 3 O 2 ) in aqueous solutions and obtained values for the 
dissociation constants of these complex ions, as well as more exact values for the 
true activity product of Ag"^ and A~. In the present paper we publish analogous 
results obtained when the solvents were 10, 20, and 30 per cent ethyl alcohol, 
respectively. 


EXPERIMENTAL DETAILS 

Materials used 

We report here only on materials not described in a previous paper (7). 

The silver nitrate, C.P. grade, manufactured by the Goldsmith Bros. Refining 
Co., was pre-dried at 120®C. and then fused at 220~240°C. over a sand bath. It 
was then ground in an agate mortar and stored in a dark bottle. 

Anhydrous silver perchlorate of reagent quality was obtained from the G. F. 
Smith Co. It was first stored in a vacuum desiccator containing magnesium 
perchlorate and then dried in a vacuum oven for several days at 120®C. and 40 
mm. (11). 
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Experimental procedurea and analytical methods 

The general experimental procedure has been described previously (6). 

The composition of the alcohol-water mixtures used as “solvents'^ was found 
by determining their densities and using the data given in the International 
Critical Tables (3). As a check on this procedure, the density of an approxi¬ 
mately 10 per cent mixture which had been prepared from known weights of alco¬ 
hol and water was determined at 25®C. A Gay-Lussac type of specific gravity 
bottle with thermometer attached was used. The density so obtained agreed to 
within one part in ten thousand with that given by the International Critical 
Tables, 

The dielectric constants of the alcohol-water mixtures were obtained by linear 
interpolation from the data of Akerldf (1). 

Stock solutions of sodium acetate, potassium acetate, silver nitrate, and silver 
perchlorate were made by weighing out appropriate amounts of the “solvent'' 
and of the dried salt. The concentrations of the acetate solutions were also 
checked by a gravimetric method in which a knoNvn weight of solution is evapo¬ 
rated to dryness after the addition of hydrochloric acid. The silver nitrate and 
perchlorate solutions were analyzed volumetrically hy a Volhard titration, as 
outlined by Kolthoff and Sandell (4). 

This same ^^olhard method was used in determining the concentration of silver 
acetate in solvents saturated with silver acetate and containing in addition 
sodium or potassium acetate on the one hand or silver nitrate or perchlorate on 
the other hand. In the first case, no serious difficulties are encountered until 
the concentration of dissolved silver acetate becomes so small that the method is 
no longer accurate. In the second ca.se (addition of silver salt), the concentration 
of dissolved silver acetate must be obtained by difference; hence the concentra¬ 
tion of added silver nitrate or perchlorate must not exceed about 0.3 molar. In 
general, quadruplicate detemiinations of the solubility of silver acetate agreed 
to within three or four parts per thousand. 

MEANING OP SYMBOLS 

The letters c, ?n, and x denote moles per liter of solution, moles per kilo¬ 
gram of solvent, and mole-fraction, respectively. 

Values of ionic molarity, molality, mole-fraction, ionic strength, or solubility 
product calculatal on the assumption of complete ionization of the dissolved 
salts and no complex-ion formation will be called apparent values. Thus Ci, 
mi, and Xi are the apparent molarity, molality, and mole-fraction of silver ion, 
whereas ca, nn, and X 2 refer in a similar manner to the acetate ion. L* = XiX 2 y 
IT mim^y L® = CiC 2 are apparent solubility prcKiucts; x± is defined as equal to 
and is therefore called the apparent mean mole-fraction of AgA. The 
actual (or true) concentrations of ions will be represented by such symbols as 
CAg"^ or Xa-- a true solubility product would be a:A6+.i^A-~. D is the dielectric 
constant, and do the density of a “solvent"; d is the density of a solution. 

The (true) ionic strength, 8, is defined b}’ the equation 

S « IS zUi 



248 


r. H. UAdDOtJOALL AND UABTIN' ALLBN 


where ct is the true molarity of a species cmd 2 ,c is its electrical charge, c being 
the charge on a proton. The apparent icmic strength, S^p.) is defined by a similar 
equation, except t^t the molarity of a species is calcndated <m the assumption 
of compiete ionization of the electrolytes with no formation of complex icms. 

TABLE 1 


S<dvbility of sUoer acetate in the presence of sodium acetate at SS^C. in 10J7 per cent aleehol 

D - 72.71; do - 0.9802 


m 

NaA 

NaA 

d 

(SATUaATEO 

solution) 



AgA 

Sww- 

0.0 . 

0.0 

0.9875 

0.04960 

0.04858 

0.9508 

0.04858 

0.01169 

0.01135 

0.9879 

0.04470 

0.04379 

0.9613 

0.05514 

0.05028 

0.04920 

0.9879 

0.03318 

0.03247 

1.007 

0.08167 

0.09923 

0.09687 

0.9884 

0.02562 

0.02501 

1.081 

0.1219 

0.1970 

0.1918 

0.9924 

0.01907 

0.01856 

1.223 

0.2104 

0.4931 

0.4747 

1.0040 

0.01411 

0.01359 

1.594 

0.4883 

0.6633 

0.6347 

1.0110 

0.01331 

0.01273 

1.776 

0.6474 

0.9837 

0.9296 

1.0234 

0.01273 

0.01203 

2.083 

0.9416 


TABLE 2 

Solubility of silver acetate in the presence of potassium acetate at tff'C. in 10.17 per cent alcohol 

D - 72.71; do - 0.9802 


m 

KA 

e 

KA 

d 

(saturated 

SOLUTION) 

IN 

AgA 

c 

AgA 

10»jrA 

AgA 

-Snpu. 

0.0 

0.0 1 

0,9875 

0.04960 

0.04858 


0.04858 

0.01073 

0.01051 

0.9878 

0.04517 

0.04424 


0.05475 

0.06007 

0.04898 

0.9882 

0.03347 

0.03273 

1.012 

0.08171 

0.1005 

0.09803 

0.9889 

0.02525 

0.02489 


0.1229 



0.9938 

0.01913 

0.01859 

1.234 

0.2132 




0.01419 

0.01359 

1.619 

0.4991 




0.01338 

0.01269 

1.824 


0.8642 

0.8134 1 


0.01307 

0.01230 

1.990 

0.8257 


EXPERIMENTAL RESULTS 

Tables 1 to 12 give for three different solvents (10.17,20.03, and 30.01 per cent 
alcohol) the solubility of silver acetate in the presence of each of the following 
electrolytes: sodium acetate, potassium acetate, silver nitrate, and silver per¬ 
chlorate. For each saturated solution the density and the apparent ionic 
strength are given. 

In figures 1 to 3 the logarithm of the apparent solubility product, L* =» XiXt, 
is plotted against the square root of the apparent ionic strength for the three 
solvents, 10, 20, and 30 per cent alcohol. Each figure contains three curves. 
Curve I describes the relation between L* and when sodium nitrate is the 
added electrolyte; curve II and curve III refer to sodium acetate and silver 





















TABLE 3 


Solubility of oilvpr acetate in the presence of silver nitrate at in 10,17 per cent alcohol 

D m 72.71; do - 0.9802 


AgNOi 




e 

AgA 

AgA 

•S^mpp. 

0.0 




0.04858 

0.9508 

0.04858 

0.01013 

0.00993 

0.9891 

0.04567 

0.04475 

0.9675 

0.05468 

0.05025 

0.04916 

0.9921 

0.03394 

0.03320 

1.023 

0.08236 

0.1052 

0.1028 

0.9985 

0.02639 

0.02578 

1.126 

0.1286 

0.2021 

0.1969 

1.0110 

0.02058 

0.02005 

1.289 ’ 

0.2170 

0.3005 

0.2920 

1.0242 

0.11844 

0.01791 

1.455 

0.3099 


TABLE 4 

Solubility of silver acetate in the presence of silver perchlorate at in 10.17 per cent alcohol 

D - 72,71; do - 0.9802 


AgC104 

AgClOi 

d 

{SATUKATBO 

solution) 

m 

AgA 

c 

AgA 

10»x^ 

AgA 

•S’spp. 

0.0 

0.0 

0.9875 

0.04960 

0.04858 

0.9508 

0.04858 

0.01168 

0.01144 

0.9892 

0.04460 

0.04369 

0.9601 

0.05513 

0.04920 

0.04814 

0.9937 

0.03342 

0.03269 

1.006 

0.08083 

0.09618 

0.09392 

1.0002 

0.02613 

0.02552 

1.081 

0.1194 

0.1880 

0.1829 

1.0141 

0.01991 

0.01937 

1.226 

0.2023 

0.2841 

0.2755 i 

1.0297 

0.01714 

0.01662 

1.364 1 

0.2921 


TABLE 5 

Solubility of silver acetate in the presence of sodium acetate at S6^C. in 20.0$ per cent alcohol 

D « 66.97; do - 0.9664 


m 

NaA 

c 

NaA 

d 

(SATUKATED 

SOLUTION) 

m 

AgA 

c 

AgA 

10«aF* 

AgA ! 

•S^«pp. 

0.0 

0.0 

0.9716 

0.03601 

0.03478 

0.7378 

0.03478 

0.01018 

0.00981 

0.9707 

0.03190 

0.03073 

0.7505 

0.04054 

0.04957 

0.04780 

0.9717 

0.02194 

0.02116 

0.8104 

0.06896 

0.1006 

0.09683 

0.9732 

0.01668 

0.01605 

0.9032 

0.1129 

0.1987 

0.1906 

0.9768 

0.01316 

0.01262 

1.074 

0.2032 

0.5014 

0.4754 

0.9888 

0.01008 

0.01032 

1.500 

0.4857 

0.6991 

0.6574 

0.9962 

0.01077 

0.01013 

1.713 

0.6675 

1.002 

0.9306 

1.0068 

0.01101 

0.01023 

2.081 

0.9408 


TABLE 6 

Solubility of silver acetate in the presence of potassium acetate at 25^C. in 20.OS per cent alcohol 

D « 66.97; do - 0.9664 


m 

KA 

c 

KA 

d 

(saturated 

solution) 

m 

AgA 

c 

AgA , 

1 

10»x± 

AgA 

Sapp. 

0.0 

0.0 

0.9716 

0.03601 

0.03478 

0.7378 

0.03478 

0.01053 

0.01017 

0.9717 

0.03199 

0.03089 

0.7554 

0.04106 

0.05067 

0.04885 

0.9724 

0.02207 

0.02128 

0.8197 

0.07013 

0.1027 

0.09870 

0.9734 

0.01662 

0.01597 

0.9093 

0.1147 

0.2090 

0.2009 

0.9787 

0.01290 ! 

0.01235 

1.090 

0.2133 

0.4961 

0.4685 

0.9918 

0.01095 

0.01035 

1.498 

0.4789 

0.6953 

0.6503 

1.0007 

0.01083 

0.01013 

1.744 

0.6604 

1.004 

0.9242 

1.0132 

0.01115 

0.01026 

2.096 

0.9345 





*rmiM 7 

BolvbilUy of lyiUtT emMe in ih^ prO$ence of oibfer niim^ <al in $0*0$ por cmi 

D « 66.97; da - 0.9664 


A&Ot 

AgNOs 

d 

(SAXimAXVD 

SOLimOK} 

m 

AgA 

A^ 

AgA 


0.0 

0.0 

0.9716 

0.03601 

0.03478 

0.7378 

0.03478 

0.01029 

0.00993 

0.9718 

0.03202 

0.03090 

0.7539 

0.04083 

0.05064 

0.04880 

0.9756 

0.02228 

0.02147 

0.8246 

0.07027 

0.09996 

0.09627 

0.9822 

0.01730 

0.01666 

0.9197 

0.1129 

0.2049 

' 0.1968 

0.9957 

0.01415 

0.01358 

1.132 

0.2104 

0.2972 

0.2845 

1.0080 

0.01339 

0.01282 

1.307 

0.2973 


TABLE 8 

Solubility of silver acetate in the presence of silver perchlorate at in 20.0$ per cent alcohol 

D - 66.97; do « 0.9664 


AtCiO. 

AgClOi 

d 

(SATUXATEO 

SOLtmON) 



AgA 

•Supp. 

0.0 

0.0 

0.9716 

0.03601 

0.03478 

0.7378 

0.03478 

0.01028 

0.0093 

0.9726 

0.03185 

0.03075 

0.7504 

0.04068 

0.05216 

0.05027 

0.9777 

0.02146 

0.02069 

0.8131 

0.07096 

0.1023 

0.09840 

0.9853 

0.01647 

0.01584 

0.9031 

0.1142 

0.2007 

0.1924 

1.0005 

0.01272 

0.01220 

1.060 

0.2046 

0.3060 

0.2919 

1.0162 

0.01123 

0.01071 

1.209 

0.3026 


TABLE 9 

Solubility of silver acetate in the presence of sodium acetate at 25°C. in 30.01 per cent alcohol 

D « 61.04; do * 0.9607 


m 

NaA 

nLv 

d 

(SATUBATED 

solution) 

m 

AgA 

c 

AgA 

AgA 

-Sapp. 

0.0 

0.0 

0.9538 

0.02625 

0.02493 

0.5780 

0.02493 

0.01045 

0.00992 

0.9536 

0.0^15 

0.02103 

0.5915 

0.03095 

0.05632 1 

0.05340 

0.9547 

0.01389 

0.01317 

0.6863 

0.06657 

0.1004 i 

0.09501 

0.9559 

0.01126 

0.01066 

0.7778 

0.1057 

0.2063 

0.1944 

0.9596 

0.00946 

0.00891 

0.9865 

0.2033 

0.5009 

0.4664 

0.9708 

0.00910 

0.00847 

1.469 

0,4749 

0.6691 

0.6190 

0.9774 

0,00941 

0.00871 

1.710 

! 0.6277 

1.019 

0.9284 

1 0.9890 

0,01021 

0.00931 

2.161 

1 0.9377 


TABLE 10 


Solubility of silver acetate in the presence of potassium acetate at 25'*C. in 30.01 per cent alcohol 


D « 61.04; do « 0.9507 


m 

KA 

c 

KA 

d 

(SATUEATED 

SOLUTION) 

IN 1 

AgA 1 

1 

c 

AgA 

AgA 

•Sapp. 

0.0 

0.0 

0.9538 

0.02625 

0.02493 

0.5780 

0.02493 

0.01045 

0.00991 

0.9523 

0.02191 

0.02076 

0.5861 

0.03067 

0.05107 

0.04835 

0.9538 

0.01418 

0.01342 

0.6686 

0.06177 

0.1044 

0.09867 

0.9558 

0.01111 

0.01049 

0.7857 

0.1092 

0.2024 

0.1903 

0.9606 

0.00945 

0.00889 

0.9772 

0.1992 

0.5062 

0.4690 

0.9740 

0.00915 

0.00848 

1.480 

0.4775 

0.6994 

0.6416 

0.9819 

0.00956 

0.00877 

1.760 

0.6504 

1.008 

0.9100 

0.9941 

0.01032 

0.00832 

2.162' 

0.9193 
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nitrate, respectively, as added electrolytes. The experimental data reproduced 
in curve I in each of the three figures are taken from the results of a previous 
investigation (8). 


TABLE 11 


Solvbility of silver acetate in the presence of silver nitrate at 26^C. in SOJOl per cent alcohol 

D - 61.04; do « 0.9507 


AgNO» 

AgNOa 

d 

(saturated 

solution) 

m 

AgA 

c 

! AgA 

10»#* 

AgA 

5»pp. 

0.0 

0.0 

0.9538 

0.02625 

0.02493 

0.5780 

0.02493 

0.00995 

0.00945 

0.9550 

0.02249 

0.02136 

0.5945 

0.03081 

0.04998 

0.04644 

0.9595 

0.01484 

0.01408 

0.6817 

0.06152 

0.1002 

0.09500 

0.9658 

0.01178 

0.01116 

0.7967 

0.1062 

0.1974 

0.1864 1 

0.9776 

0.00990 

0.00935 

0.9896 

0.1958 

0.3002 

0.2826 1 

0.9915 

0.00930 

0.00876 

1.165 

0.2914 


TABLE 12 

Solubility of silver acetate in the presence of silver perchlorate at in SO,01 per cent alcohol 

i) « 61.04; do * 0.9507 


AgC104 

AgClO^ 

d 

(saturated 

solution) 

m 

AgA 

e 

AgA 

AgA 

•^app. 

0.0 

0.0 

0.9538 

0.02625 

0.02493 

0.5780 

0.02493 

0.01014 ! 

0.00964 

0.9552 

0,02228 

0.02116 

0.5916 

0.03080 

0.05296 

0.05021 

0.9607 

0.01398 

0.01326 

0.6724 

0.06347 

0.1014 

0.09598 

0.9680 I 

0.01112 

0.01053 

0.7759 

0.1065 

0.2001 

0.1885 

0.9827 

0.00922 

0,00868 

0.9596 

0.1972 

0.2974 

0.2789 

0.9970 

0.00881 

0.00826 

1.130 

0.2872 


THEORETICAL CONSIDERATIONS 

The equilibria that we assume to exist are represente<l, along with the corre¬ 
sponding equilibrium constants, in equations 1, 2, and 3. 


I 

II 

III 


AgA(s) = Ag"^ + A ; K[ = a/^ax- 


AgAa = Ag"^ + 2A ; 
AgsA-" = 2Ag+ + A"; 


Kl ■■ 
K! 


^Ag* Q A~ 
OAgAJ 

axgik* 


( 1 ) 

( 2 ) 

(3) 


We relate Kt and Kt to the activity product Kt by the equations 


K; = Kt = A'f-(4) 

^AgAt 

If we make the approximately valid assumption that in a given solution all uni¬ 
valent ions have equal activity coefficients, we can replace the constant activity 
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ratios ol equation 4 by the correspondiiig cono^tratiam ratios^ Hie OQj&tiseats 
■un axul u» are defined by the equations 


Ml 5 ^ Ca«iA* 
1 — 2ui ca- * 1 — 2«i ca** 


( 5 ) 


We used, without any essential changes, the method previously r^iorted (6) 
in appl}dng the theory to our experimental results.* Certain numerical changes 



SQUARE ROOT OF APPARENT IONIC STRENGTH 

Fio. 1. Logarithm of the apparent solubility product of silver and acetate ions against 
the square root of the apparent ionic strength. Curve I, sodium nitrate—9.17 per cent 
alcohol; curve II, sodium acetate—10.17 per cent alcohol; curve III, silver nitrate—"10.17 
per cent alcohol. 

in the Debye equation were necessary; in place of 1.0184 in equation 23, we used 
25, where for 25®C. B is given by the equation 

B = 364.37/2)''* (6) 

* We take this opportunity of making the following corrections in the previous paper (6). 
In equation 14 on page 741 substitute *^CiUtUt* for ‘‘caWiWi’*; in equations 24 to 28 on pages 
742 and 743 substitute ‘‘(1 - wiw*)*'* for “1 - WiW,.*' 
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and the pacameter A is related to tiie “ionic-diameter” a by die equation 

A * 2.9124 X 10» a/D*'* (7> 

For the parameter A we adopted an average of the empirical values previously 
reported (8, 10). 



STRENGTH 

Fig. 2. Logarithm of the apparent solubility product of silver and acetate ions against 
the square root of the apparent ionic strength. Curve I, sodium nitrate—20.37 per cent 
alcohol; curve II, sodium acelatiT—20.02 per cent alcohol; curve III, silver nitrate—20.03 
per cent alcohol. 

Table 13 summarizes the values of and obtained for tlie various solvents, 
including from a previous paper (G) the (‘.ase in which water is the solvent. 
Values of Kty Kty and Kt will be presented in a later section. 

The values of Ui and 1/2 given in table 13 were derived using only the data from 
solutions in which the added electrolytes were sexiium nitrate, sodium acetate, 
and silver nitrate. From our experiments in which potassium acetate and silver 
perchlorate were the added electrolytes, we might, in a similar manner, have de¬ 
rived a new set of values of ui and U 2 , However, it seemed to us to be sufficient 
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(aiKl certainly a great deal eaoer) to test our fuodaineotal hypotheeis 
^e tabulated values of Ui and tig in equaticms 24 and 25 of our previous paper (6) 
and, by applsring tiiese eqiiations to our data ftn potassium acetate and silver 
{kodilorate, to cidculate therefrom values <rf XJ. We even used the same value 
A (viz., 1. 3) as was employed in our previous calculations. The resuHs so 
obtaiimd are found in tables 14, 15, and 16, which include also npplicaticHis of 



Fig. 3. Logarithm of the apparent solubility product of silver and acetate ions against 
the square root of the apparent ionic strength. Curve I, sodium nitrate—30.02 per cent 
alcohol; curve II, sodium acetate—30.01 per cent alcohol; curve III, silver nitrate—^80.01 
per cent alcohol. 

•- 

equation 24 or 25 to the individual solutions in which the added electrolytes were 
sodium acetate and silver nitrate. We give also in each of these tables a grand 
average of log Kf for each of the three solvents employed in this,investigati(m. 
The calculated values of log Xf that have been excluded in forming the mean are 
enclosed in parentheses. 

This procedure of excluding some of our calculated values in forming the mean 
should certainly be justified. We proceed to offer the following justification. 
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AnoxaminatioD of tables 14,15, and 16 will show that the calculated values of 
—log show a satisfactory degree of constancy at the lower ionic strengths,, 
but that these values increase systematically at bi^er ionic strengths; further¬ 
more, this systematic increase begins at lower concentrations when silver nitrate 
or silver perchlorate is the added salt than when the added electrolyte is sodium 
or potassium acetate. 

We make the following statements: 

(/) The experimental evidence presented in this and a preceding paper proves 
conclusively, in our opinion, the existence of complex ions in our solution. We 


TABLE 13 

Values of Ui and wj in various solvents 


ALOOaOL 

«ri 

Ut 

p*r emt 

0 

0.0317 

0.0105 

10.17 

0.0252 

0.0114 

20.03 

0.0234 

0.0130 

30.01 

0.0234 

0.0158 


TABLP: 14 


Values of log K\ in 10.17 per cent alcohol 
ui « 0.0252; itt = 0.0114 


UOLAKItY 

NaA 

-logJCj 

UOLAKITV 

KA 

-logic; 

IIOIAWTY 

AgNOa 

-logx; 

MOLARITY 

AgClOl 

-log x; 

0.01135 

6.285 

0.01051 

6.283 

().(X)9<)3 

6.281 

0.01144 

6.288 

0.04920 

6.279 

0.04898 

6.275 

0.04916 

6.279 

0.04814 

6.292 

0.09687 

6.265 

0,09803 

6.269 

0.1028 

6.265 

0.09392 

6.290 

0.1918 

6.246 

0.1946 

6.240 

0.1964 

6.279 

0.1829 

6.310 

0,4747 

6.274 

0.4855 

6.269 

0.2920 

6.322 

0.2755 

6.377 

0.6347 

i 6.358 

0.6622 

6.368 





0.9296 

(6.852) 

0.8134 

(6.539) 





Average. . 

1 6.285 


6.284 


6.285 


6.295 


Grand average: —log = 6.291 


have represented these ions by AgAr and AgsA^', but we do not exclude the pos¬ 
sibility that ions of higher complexity, such its AgA^” and AgsA^^ may also exist. 

(j^) The postulate that ions of equal valence in a given solution have equal 
activity coefficients becomes more nearly exact the lower the ionic strength. 

{&) Since the concentration of a complex ion of a given type increases with the 
concentration of the corresponding added salt, the deviations from “normal be¬ 
havior” w ill be greater and more readily det^'cted at the higher ionic strengths. 

(4) Combining statements (^) and (5), we sec that the error in calculating the 
concentration of a complex ion will probably be greater for high and for very low 
concentrations of added salt than for intermediate values. Tables 14,15, and 16 
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j^w tb&t tile coDcentratioiis oi atided salt whitii we csbplQj^ed wne Dot so low 
as to inTdve a serious error; the appreciable errora occur at higher oonomtawtions. 
Our procedure is in practice equival^t to an extr^Kdation to aero ionic Btimgtb, 
gives great we^t to the values for low or moderate ionic sti'mtgths and 
littie m no weight to those for high ionic strengths. 

TABLE 15 


Values of log Ki in per cent cdcokol 
Ui - 0:0234; Ut « 0.0130 


MOIA&tTY 

NaA 


ICOtAHTV 

KA 

-blJCl 

ICOLAltTY 

AgNOl 

-bgXl 

KaxAim 

AgClOi 

-V**I 

0.00961 

6.500 


6.496 

0.00993 

6.500 

0.00993 

6.503 

0.04870 

6.488 


6.480 

0.04880 

6.488 

0.05027 

6.503 

0.09783 

6.474 


6.461 

0.09627 

6.480 

0.09840 

6.503 

0.1906 

6.438 


6.440 

0.1968 

6.489 

0.1924 

6.564 

0.4754 

6.562 

0.4685 

6.551 

0.2845 

6.550 

0.2919 

(6.749) 

0.6574 

(6.904) 


(6.876) 





0.9306 


0.9242 






Average..., 

6.493 


6.485 


6.501 


6.518 






Grand average: —log — 6.499 


TABLE 16 


Values of log K\ in S0,01 per cent alcohol 
Ui - 0.0234; w, - 0.0158 


MOLAXITY 

NaA 

-log 



MOLAXITY 

AgNOl 

-log 

MOLAXITY 

AgCtOl 

-log jfi 

0.00992 

6.718 

0.00991 

6.726 

0.00945 

6.715 



0.05340 

6.686 

0.04836 

6.696 

0.04744 

6.692 


6.711 

0.09501 

6.666 

0.09867 

6.664 

0.09600 

6.679 



0.1944 

6.661 

0.1903 

6.662 

0.1864 

6.751 

0.1885 

(6.815) 

0.4664 

(7.180) 

0.4690 

(7.191) 

0.2826 

(7.020) 

0.2789 

(7.124) 

0.6190 


0.6416 






0.9284 


0.9100 






Average.... 

6.682 


6.687 




6.714 






HHHH 



Grand average: —log K![ *= 6.698 


(5) We come now to the difference between the effects of silver nitrate or silver 
perchlorate on the one hand and sodium acetate or potassium acetate on the other. 
This difference can be readily accounted for if we suppose (a) that complex ions 
(such as AgAr~ and Ag«A^“‘') are also formed to some extent; (6) that the disso¬ 
ciation constant of AgaA'*'**’ into Ag’*’ + AggA"^ is smaller than the corresponding 
dissociation constant of AgAF” into A" + AgAJ". Examination of table 17 
shows that Kz (the dissociation constant of AgsA^) is appreciably smaller than 
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K% (the dissociation constant of AgAF). If AgaA*** is a stabler structure than 
AgAsT, it is probable that AgsA**^ is stabler than the corresponding AgAJT^. 
Note that the concentrations of Ag»A“*"*' and of AgAjT^ will be proportional to 
(ca**^)* and (ca-)*, respectively. A mathematical treatment leads to the conclu¬ 
sion that if higher complex ions are also present, the values of ui and defined by 
equation 6 and calculated on the assumption that the only complex ions present 
are Ag*A“*" and AgAJ will be larger than the true values. The deviation will 
increase with the concentration of the added salt and will increase more rapidly 
for u\ than for Wa. Turning now to equation 28 in a previous paper (6), which 
gives a relation between Kl, K^t, and wa, we see that on the basis of the pre¬ 
ceding discussion we should expect the following behavior: (a) for low and moder¬ 
ate concentrations of added salt, the calculated values of Ui and U 2 should be 
close to their true values and hence constant values of Ki should be obtained; 
(6) at greater concentrations of added salt, the calculated values of Kt will be 
less than the true value; (c) the decrease in the calculated value of K* should oc¬ 
cur at a lower concentration when silver nitrate or silver perchlorate is the added 
salt than when the solution investigated contains sodium acetate or potassium 

TABLE 17 


Final values of various equilibrium constants 


SOLVENT 

Ki X io> 

X* X 10» 

K X 10* 

K X 10* 

X- 

K X 10* 


Water. 

! 2.83 

8.08 

2.49 

7.5 

0.23 

2.4 

0.073 

10.17% Alcohol . 

j 1.55 

5.12 

1.39 

4.4 

0.12 

1.9 

0.052 

20.03% Alcohol . 

! 0.841 

3.17 

0.753 

2.4 

0.056 

1.3 i 

0.031 

30.01% Alcohol. 

1 0.465 

2.01 

0.412 

1.2 

I 

0.025 

0.82 

1 0.017 


acetate as added electrolyte. Of course, a decrease in K\ means an increase in 
--log Kl 

Following table 16 we give in table 17 our final values for the various equi¬ 
librium constants in water and the three alcoholic solvents. They are expressed 
in terms of molal activities (as in IC^)^ as well as in terms of mole-fraction activi¬ 
ties (as in jfiCf). We include also values of ATt, the stoichiometric activity prod¬ 
uct of silver acetate in each of the four solvents. The values of At, KT^ and AIT* 
are believed to have an uncertainty of less than 3 or 4 per cent; those of A 2 and 
Kz may be uncertain by iis much as 10 per cent. 

VARIATION OF EQUILIBIUUM CONSTANT WITH DIELEC TRIC’ ( ONSTANT OF SOLVENT 

An equation developed by Born (2) enables one to compare equilibrium con¬ 
stants for a given reaction in different solvents. If we adopt the simple hy¬ 
pothesis that a given ion of charge Zi remains essentially identical in the various 
solvents concerned and hence that it can be characterized by the same effective 
radius in the various solvents, we obtain the following equation: 

In A'* = constant - L -y (8) 
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For a toD^j^ture of 25”C. equation beoomeB 

'' log iT' = constant — •“ (®) 

where r< is to be expressed in AngstrSm units. 

In figure 4 we have plotted —log KX, —log KX, and —log Kl against 1/D for 
tiie four solvents we have employed. The four points, in each case, fall ptetiy 



RECIPROCAL OF DIELECTRIC CONSTANT 

Fig. 4. Logarithm of equilibrium constants against the reciprocal of the dielectric con¬ 
stant. Curve I, curve II, Kj; curve III, K\. 

well on a straight line, in agreement with the requirements of equation 9. The 
equations for the three straight lines, obtained by the method of least squares, 
are as follows: 

log K\ = 6.986 - (10) 

217 

log Kl = 2.680 - (11) 

log K% - 3.036 - ^ (12) 
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Comparing equations 10, 11, 12 with equation 9, we find: 


1 1 

'■ -4- ' 

= 1.36 

(13) 

TAg*^ TAr 

1 2 

1 


+ “ 

- - =1.8 

(14) 

^Ag^ ^A" 

TAtAl 

2 1 

1 

(15) 

— + — 

- - = 1.1 

rAg^ rA- 

»‘Ag.A* 


Since there are four different ionic radii, the three equations (13, 14, and 15) do 
not suffice for their determination. In any case, even if the Bom theory were 
unobjectionable, we do not consider that the experimental data, especially with 
respect to and Kz^ are accurate enough to warrant drawing quantitative in¬ 
ferences from equations 13, 14, and 15. Nevertheless, if we were to define a 
mean radius r of Ag*^ and A”* by the equation 

r tat 

we should obtain from equation 13 a value of r equal to 1.5 A., which Ls certainly 
of the correct order of magnitude. On the whole, then, we think we are justified 
in saying that the application of the Born theory to our experimental data leads 
to results that are not incompatible with what we know from other evidence about 
ionic dimensions. 

STABILITY A NO STRUCTURE OF THE ( OMPLEX IONS 

The structures of AgAi" and Ag 2 A'^ have been discussed in a previous paper (6) 
and need not be examined here. 

From equations 4 we can obtain the relation 

_ ■” _ * ir* \lfi/ 

fl^AgAT Oa- As 

It follows then from the values of Ki and Kz given in table 17 that if, in each of 
the four solvents we have employed, Ag"^ and A“ are present at equal concentra¬ 
tions, the ratio of AggA”*" to AgAT will be about 3 in an aqueous solution and will 
drop to about 1.5 in 30 per cent alcohol. These conclusions may be expressed in 
the statement that at 25°C. and in the four solvents studied the complex ion 
Ag*A“^ is more stable than AgA7. 


SUMMARY 

1. Measurements have been made of the solubility at 25°C. of silver acetate in 
the presence of sodium acetate, potassium acetate, silver nitrate, and silver per> 
chlorate in 10,20, and 30 per cent ethyl alcohol. 

2. The apparent solubility product of silver acetate in the presence of any one 
of the four electrolytes mentioned is greater, for a given apparent ionic strength, 
than when the added electrolyte has no ion in common with silver acetate. 
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3. The apparent inapplicability the theory of Debye can be accounted for 
quantitatively by assuming the formation of the complex ions AgaA"^ and AgAF. 

4. The activity product of Ag"^ and A" and the dissociation constants of AgAr 

and of AgaA"^ in various solvents have been determined. ' 

. 6. The acetatodisilver ion is more stable than the diacetatoargentate ion. 

6. The Bom equation leads to values of the ionic radii which are of the right 
order of magnitude. 
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NEW BOOKS 

Isomerization of Pure Hydrocarbons. By Gustav EaLppp, George Hulla, and V. I. 

Komarewsky. 499 pp. New York: Reinhold Publishing Corporation, 1944. Price: 

$9.00. 

This monograph is an exhaustive treatment of the important subject of hydrocarbon 
isomerization. Upon examining the book, it becomes clear that the authors have expended 
considerable effort in preparing the volume, especially the tabulations. Many of the items 
covered would not be easily found in the literature, so the book should prove to be a time- 
saver for those interested in the field. 

The monograph consists of three main parts, namely: six chapters of discussion, exten¬ 
sive tables of isomerizations, and a section of appendices. In addition it contains a com¬ 
plete bibliography (681 references) as w^ell as author and subject indexes. 

As stated in the summary, isomerizations are discussed for '‘alkanes, alkcnes, allenic 
alkadienes, . . . bicyclodienes with saturated side chains, tricyclenes, . . . letc.],**~-a total 
of forty-six different headings. This is done in the six chapters of textual material, each 
of which is frequently intersp>er8ed with conclusions. Numerous theories and mechanisms 
of the isomerization reactions appear in the discussion, with several alternatives given for 
many of the reactions. It is clear from reading the book that isomerizations are quite 
specific reactions, with the result that the reader does not learn many generalizations, 
'l^is is no fault of the book, of course, but is a result of the complex nature of the subject 
treated. 

The tables of isomerization data, which comprise about one-third of the entire volume, 
should prove to be most useful. These tables provide, in convenient form, the following 
information about isomerizations: reactants (including catalysts), conditions of reaction, 
products of reaction, and appropriate references to the literature. 
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On the whole the book provides an excellent summary of the vast literature concerning 
isomerization of hydrocarbons and it should find a useful place in the libraries of those 
interested in hydrocarbons and their reactions. Although some of the data are necessarily 
meagre, the monograph is nevertheless complete up to the time of publication. 

F. T. Wall. 


Chemistry and Technology of Food and Food Products, Vol. II. M. B. Jacobs, Editor. 

890 pp. New York: Interscience Publishers, Inc., 1944. Price; $10.50. 

This is the second of the two volumes in this series, the first of w^hich was reviewed in 
this Journal (Volume 49, page 44). The several parts of the extended series of contribu¬ 
tions are numbered serially through the two volumes. Thus Volume II comprises: Part 
III. Unit Operations and Processes; Part IV. Sanitary and Quality Control; Part V. 
Preservation; and Part VI. Production. Each part in turn is divided into several 
chapters. 

Under *^Unit Operations and Processes**, the author, Kenneth M. Gaver, discusses the 
types of equipment and physical or other manipulations involved in handling raw" materials, 
and in general and typical processing. Part IV includes the follow"ing contributions: 
**Food Supervision by Government Agencies**, by Jerome Trichter and Sol Pincus; ‘‘Food 
Grading**, by T. A. Samuelson; “Food Machines**, by A. E. Abrahamson; “Washing, 
Detergency, Sanitation and Plant Housekeeping**, by John L. Wilson; “Insect Control**, 
by H. H. Shepard; “Prevention and Control of Rodent Life** by B. E. Holscndorf. 

Part V, “Preservation**, is divided into chapters on dehydration, temperature control, 
hermetically sealed containers, microorganisms, chemicals, and packaging as food-preserv¬ 
ing practices. 

Part VI, “Production**, occupies nearly one-half of this y)lume and contains chapters 
on groups of commodities, including production and/or processing of cereal grains; bread 
and bakery products; fruit juices; jams, jellies, and preserves; milk and milk products; 
meat and meat products; oils and fats; non-alcoholic beverages; and alcoholic beverages. 
There is also a chapter on industrial waters, and their uses in various departments of food 
processing. 

It follow's, perforce, that the limitations of space in a single volume devoted to so many 
subjects have resulted in reducing many sections to small proportions. Thus Chapter XX, 
on milk and milk products, covers only 32 pages, and w'ould hardly serve as an adequate 
textbook for students of milk technology. The same might be said of several other special 
fields that are c(»vered briefly in this book. Moreover, the description of a process and of 
the resulting products may api>ear in Volume II, while the data on the composition of these 
or related products may be recorded in Volume I. The iiiterests of the student might have 
been served better had the chemistrj* of the processing described in the present volume 
been traced, together w'ith the discussion of the mechanics of the treatments that, are 
described. 

For a general overview^ of the broad general field of food technology, this book and its 
companion volume should prove very useful. They cover a w ide range of plant engineering, 
biological, and biochemical interests. So far as the reviewer*s knowledge justifies a judg¬ 
ment in this very inclusive area, the material presented appears to be adequate and up- 
to-date. 

C. H. Bailky. 


Thomas Jefferson ajid the Scientific Trends of his Time. By Charles A. Browne. Excerpt 
of 66 pages from the Chronica Botanica (Vol. 8, No. 3), Waltham, Massachusetts, 1944. 
Price: $1.25. 

Few if any public men of the present have so much contact wdth and know’ledge of the 
sciences and of agriculture as had Jefferson, Franklin, Washington, and some of the other 
founders of our Republic. Dr. Brow^ne has given an excellent account of Jefferson’s widely 
diversified interests in science, which by intention were rather strictly confined to utili- 
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tarian ends. It was perhaps his conservatism which prevented^ his carrying through the 
plan he began so well for the adoption of the metric system in the United States. Had he 
persevered to success in this it would have been a contribution of equal merit to his support 
of the Lewis-CJlark expedition or to the founding of the University of Virginia. What 
statesman of the future will be equal to the task, which has now become truly Herculean? 

Dr. Browne’s long services to the Department of Agriculture have especially fitted him 
to appreciate Jefferson’s ideas applicable to agriculture, horticulture, animal husbandry, 
soil conservation, botany, etc. It is noteworthy tha^, although he lived through the period 
in which Lavoisier revolutionized chemistry and overthrew the phlogiston theory, Jefferson 
never adopted the new ideas nor terminology, again evidence of his conservatism in science. 

S. C. Lino. 

The Svedberg, 1884-1944, Uppsala: Almquist and Wiksells Boktryckeri, 1944. 

In honor of The Svedberg’s sixtieth birthday (August 30), the Institute of Physical 
Chemistry of the University of Uppsala has issued a volume of 730 pages, containing fifty-six 
contributions from seventy alumni and members of the staff of the Institute; thirty-seven 
papers in English, twelve in German, five in Swedish, and two in French. 

The subjects treated cover an extraordinarily wide range, extending outside the fields 
in which Professor Svedberg is so well and favorably known in the United States. The 
biological and industrial applications of Svedberg’s work are proving their importance for 
Sweden’s technological future. 

S. C. Lini>. 

Adva7ices in Enzymology and Related Subjects of Biochemistry^ Vol. IV. F. F. Nord and 

C. H. Werkman, Editors. 332 pp.: 45 illustrations. New York: Interscience Publishers, 

Inc., 1944. Price: $5,50. * 

Ten authors have contributed to the fourth volume of this series of independent mono¬ 
graphs. 

The direct and explicit aid rendered by chemistry to the understanding of genetics and 
biological evolution has been rather limited. A chemical formulation of gene structure 
and gene action, which depends closely upon the structural picture wc make at present of 
the protein molecule, is discussed by Addison Gulick. An analogy exists between genes 
and viruses; both catalyze their own synthesis and therefore constitute units of heredity. 
An assumption is proposed that each gene has one enzymatic function which may explain 
defect mutations of a metabolic nature. 

The specificity and mechanism of action of the glycosidases are reviewed and a provi¬ 
sional classification of the carbohydrases is suggested in the article by William Ward Pig- 
man. The investigations on the action of enzymes on glycosides and various derivatives 
provide one of the most extensive studies made of the influence of structure on the rate 
of a chemical reaction. 

The transamination reaction, transfer of amino groups from a-amino acids to a-keto 
acids, is discussed by Robert M. Herbst. Model systems are*considered briefly, w'hile a 
more detailed account of enzyme-catalyzed transaminations is given, indicating the sig¬ 
nificance of the reaction in metabolic processes of animal and plant cells. 

J. M. Nelson and C. R. Dawson present an interpretation of the physical nature and 
action of tyrosinase, supplemented by numerous experiments from their laboratoiy*. 

An excellent review by Rollin D. Hotchkiss deals with antagonistic effects of gramicidin, 
tyrocidine, and tyrothricin on the growth of susceptible microorganisms. The crystalline 
substances gramicidin and tyrocidine have been studied chemically and biochemically, 
with the aim of relating their chemical and physical natures to the mechanism of their 
antibacterial action. 

Biological energy transformations and their possible relations to cancer problems are 
discussed by V, R. Potter. 

The results of various investigations concerning the influence of hormones on enzymatic 
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reactions are summarised by H. Jensen and Leon E. Tenenbaum. A close physiological 
interrelationship seems to exist between hormones, enzymes and vitamins. However, our 
present knowledge of the mechanism by which the various endocrine principles may affect 
enzymatic reactions is rather meager and does not permit any definite conclusions. 

The use of absorption spectra in the study of vitamins, hormones, and coenzymes has 
become an important tool for determining the concentration, structure, and identity of 
these compounds. The fundamentals underlying the absorption phenomenon as well as 
its numerous applications are discussed by Wallace R. Brode. 

Erwin Haas. 

Colorimetric Determination of Traces of Metals. By E. B. Sandell. New York: Inter¬ 
science Publishers, Inc., 1944. 

Dr. Sandell has earned signal applause for this new book on quantitative analysis. He 
has lifted the term “trace” from a limbo of ambiguity and attempted to furbish it to a 
degree which will justify its use in scientific language. A trace has often been an expression 
of the analytical chemist’s limitations, or the deus ex machina by which vagaries of catalytic 
or medicinal properties, reaction rates, or the fundamental properties of color, taste, odor, 
etc. could be plausibly explained. When one considers the many vast fields—metallurgy, 
agriculture, nutrition, etc.—in which it is imperative to give precision to the meaning of 
“trace”, one can realize what a wide welcome this book deserves. 

The discussion of the first two chapters on trace analysis and its general method are not 
duplicated elsewhere in the chemical literature and possess great vahie apart from the rest 
of the book. We are inclined by conventionalities of thought to underestimate the impor¬ 
tance of so-called “traces”. If we take, as a low^er limit, 0.000,01 per per cent for spectro- 
graphic analysis, a spectroscopically pure gram-atom containing 6.06 X 10*’ atoms, may 
still contain 6.06 X 10’® atoms of one or many other elements I If we discuss the purity of 
water, w^e give the concentration of traces in terms of parts per million, but, if we deal with 
iron, another high-tonnage product, w’e speak in ten thousandths of a per cent for corre¬ 
sponding concentrations. With water, “parts per million” is the common term for dis¬ 
cussing its quality, but how' seldom is commercial iron assessed in terms of impurities 
present in only a ten thousandth of a per cent. Yet we cannot be sure that they are less 
important to the latter than the former. In fact, evidence suggests otherwise. Dr. Sandell 
points out the desirability of speaking of concentration in terms of a logarithmic scale 
w'hich W'ould improve our persj>ectivo. A change of 0.01 per cent in the absolute amount 
of an impurity is more significant w hen it constitutes only 0.05 per cent of the total than 
when it comprises 50 per cent, and this significance is more apparent on a logarithmic scale. 

The third chapter deals with the general problem of colorimetry and spectrophotometry. 
There is no room for the adequate treatment of instruments available for this work, but 
there is an original and valuable di.scus8ion of error in colorimetry which transcends the 
former in importance because of its neglect by other authors. Although Dr. Sandell has 
not exhausteil the subject, particularly with respect to psychological factors which are 
hard to assess, he has provided an important and original approach. The hue, as well as 
the density (the only factor controlled by Beer’s Law), often enters into visual estimations, 
as in the dithizone procedure referred to at the top of page 85. Similarly, volumes of a 
colored lake, not readily measured by a photometer, may, as in the aurin method for alu¬ 
minum (page 116), be compared reliably by the eye wdien matching unknowms with 
standards. 

This chapter is marked by the inclusion of many excellent tables such as are 
used throughout the book for summarizing and surveying. It is interesting to note from 
Table 4 that one may generally increase the sensitivity of measurement about ten times 
by the use of a spectrophotometer instead of visual comparison. 

On page 53 the author fails to point out that in w'orking w*ith solutions of high trans- 
mi ttancy, above 80 per cent, the error in the measurement may be reduced by the use of 
longer or deeper cells. 
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On page 62 a further procedure may be added in Table 7 under B to ininimiae interfere 
ence. A large exceas of the interfering ion may be added until its concentration becomee 
80 great that small variation« in the interfering ion no longer interfere with the color. For 
example, this method has been used to eliminate the interference of phosphates in the 
determination of titanium and to minimize the effect of hydrogen-ion eoncentration on the 
determination of phosphate by the method of Miseon. 

On page 45, in mentioning the use of colored glasses as standards, the work of Mellon 
and his associates on the preparation of stable solutions for permanent standards spectro* 
photoinetrically matched with evanescent colors, such as the silicomolybdate complex, 
has not been mentioned. No mention is made here or elsewhere of the **grey solution'* 
methods of A. Thiel, which have not so far attained importance in this country. 

No mention is made in this chapter that the precision of instruments is often limited 
by their optical quality, by reflections, and by other mechanical considerations. This is 
important to keep in mind, as there is a popular tendency to minimize the sensitivity of 
the eye and to believe that all the problems of photometry are solved by the use of a photo¬ 
electric cell in one form or another. 

One valuable achievement of Dr. Sandell has been to make plain in this book avenues of 
investigation which will further the extent and accuracy of application of colorimetric 
methods. Beyond the service that the statement of these problems renders the practicing 
analyst, is the assistance it lends the cause of analytical chemistry by emphasizing to stu¬ 
dents fertile areas of activity and by dispelling the suspicion wherever it may still exist 
that analytical chemistry is not a living subject. 

The fourth chapter, devoted to general colorimetric reagents, provides valuable informa¬ 
tion on the chemistry of many commonly used reagents and will be welcome to any chemist 
attempting to use these substances intelligently. The treatment of dithizone is especially 
thorough, and correspondingly useful. 

The remainder of the book is devoted to the methods useful for individual metals. One 
of the greatest virtues of the book is that the treatment is eclectic and not encyclopedic, 
as the author makes clear in the Introduction. Dr. Sandell's experience in the determina¬ 
tion of trace metals is shared with the reader in a knowledgeable selection of methods 
clearly described. Evidences of thoughtful selection in the methods given are everywhere 
plain, and the user of the book will look forward to a similar treatment of boron, sulfur, 
phosphorus, nitrogen, and other elements classed as non-metals and hence not included in 
the present work. 

The publishers have earned the gratitude of analytical chemists by their establishment 
of this series of monographs. It is to be hoped that their venture will receive the continued 
support of readers and authors which will insure its permanent success. 

S.E.Q, Ashlev. 
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I, THE HETEROPOROUS CHARACTER OF REAL MEMBRANES 

In this and following sections an attempt will be made to integrate the experi¬ 
mental results reported in preceding papers (15,16) and many older observations 
into a tentative picture of the geometrical and electrical structure of membranes 
of porous character. 

The work of C'ollander (6), Michaelis (11), and other investigators provides 
sufficient experimental proof that real membranes are not homoporous but 
heteroporous, having pores of many different sizes, the relative frequency of 
various pore sizes being distributed, one must assume, according to the Gauss 
distribution curves characteristic of different kinds of membranes. The em¬ 
pirical permeability characteristics of real membranes can hardly be explained 
without emphasis upon their heteroporous character.^ The heteroporosity of 
membranes has been stressed also by investigators who try to eluci¬ 
date membrane structures primarily from the geometrical-mathematical point 
of view, foremost among them Manegold (9). This line of approach, how eA^er, 
has yielded, limited success. It ordinarily suffers still from the fatal fallacy of 
assuming a fictitious mean pore size, in other words, an unreal homoporous 
structure. 

The correlation of the heteroporous character of membranes w ith electrolyte 
permeability has been touched upon by Michaelis and collaborators; some of its 
consequences were discussed several years ago by the author (8, 14, 20). An 
extensive and thoroughgoing discussion of this problem has never appeared. 

If a heteroporous membrane w hich is not strictly impermeable to ions of the 
same charge separates two solutions with differing concentrations of the same 
electrolyte, the various pores of the membrane yield different potentials accord¬ 
ing to their widths and electrical characteristics. The measurable membrane 
potential is, so to speak, the overall resultant of the several mdi\ddual pore 
potentials. The different pores act upon one another, and thereby set up local 

‘ Presented in abstract form before the Division of Colloid Chemistry at the 108th Meet¬ 
ing of the American Chemical Society, New York City, September 14, 1944. 

* It is only the difficulty of providing a sufficient number of experimental data which 
prevents the evaluation of apparent or effective pore size distribution curves from per¬ 
meability data obtained with non-electrolytes. If sufficient data were available, this would 
be relatively easy; the theoretical difficulties are relatively small. 
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electrical circuits.^ The electrical heterogeneity of pores may be due either to 
differences in effective width, or to differences in the distribution of the dissoci* 
able groups in similar pores, or to a combination of these two factors.^ The 
singular cases of strictly anion or cation impermeable membranes with which 
(geometrical) heteroporosity can lose its electrical significance will be mentioned 
below. 

The heteroporous character of collodion and other real membranes could be 
anticipated when one considers their formation.^ For instance, in the formation 
of a collodion film the nitrocellulose molecules become aggregated to form micelles 
of various sizes and various degrees of regularity, and the micelles align them¬ 
selves more or less in a random manner, at least in two dimensions, to form the 
membrane (a two-dimensional orienting effect upon the micelles being exerted 
at the surfaces of the membrane). This picture of the collodion membrane is 
similar to the concept of the ‘‘brush heap’' structure of gels. A plate of com¬ 
pressed straw or hay or a cocoanut fibre door mat may be taken as a macroscopic 
analogy of the collodion membrane. 

In the more or less random aggregation of irregular micelles the interstices 
must of necessity be heterogeneous in character, and (except if the membrane 
is extremely thin) many cross connections between the various interstices and 
many dead-end cavities must exist. This complex structure of the membranes 
makes it impossible to distinguish well-defined individual pores. When dis¬ 
cussing the penetration of a solute through such a membrane it seems advan¬ 
tageous to consider rather the possible pathways which are open differentially 
to various solute molecules according to the size of the latter. The availability 
of any particular pathway for non-electrolytes of a given molecular size is obvi¬ 
ously determined by its narrowest spot; with electrolytes, or more correctly with 
ions, the availability of a pathway is dependent upon a combination of this 
geometrical factor and an electrical factor, the repelling action exerted on ions 
of the same sign of charge by the fixed charged groups on the pore walls. 

II. THE GEOMETRICAL AND ELECTRICAL STRUCTURE OF REAL MEMBRANES 

In the discussion of the electrical factor which governs (in combination with 
a purely geometrical factor) the behavior of membranes towards electrolyte 

® The situation in this respect is analogous to the situation frequently found with metals 
immersed in electrolyte solutions. Here for various reasons, such as the presence of im¬ 
purities, mechanical stress, differences in crystal size, etc., electrical potential differences 
arise which cause local electrical circuits. Such local circuits are known to be one of the 
main causes of metallic corrosion. 

* The theory of anomalous osmosis put forward by the author (K. Sollner; Z. Elektro- 
chem. 36 , 36, 234 (1930)) takes into account only differences in pore width. It would not be 
difficult to expand this theory to cases of differences in charge distribution. 

® Attempts to build up artificially homoporous membranes have so far been unsuccessful. 
Certain crystalline substances, if free from imperfections, conceivably could behave as 
homoporous membranes. The clay membranes of Marshall and collaborators (C. E. Mar¬ 
shall and W. E. Bergman: J. Am. Chem. Soc. 68 , 1911 (1941); J. Phys. Chem, 46 , 52, 325 
(1942); C. E. Marshall and C. A. Krinbill: J. Am. Chem. Soc. 64 , 1814 (1942)) are of the 
greatest interest in this connection. 
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solutions one must recall the results of the studies of the base-exchange capacity 
and the acid number of collodion which were reported in a preceding paper (16). 
These studies have indicated that the acidic groups which cause the characteristic 
electrochemical behavior of collodion are distributed sparsely, and that no simple 
relationship could be found between the base-exchange capacity of a given 
collodion preparation or its acid number and the electrochemical activity of the 
membranes prepared therefrom (17, 18, 19). It is on account of the scarcity 
of the dissociable groups that the problem of their distribution arises. If they 
were so numerous as to be present in every geometrically possible spot on the 
pore walls of the membranes, i.e., if they were closely packed like fatty acid 
molecules in a condensed film, the problem of their distribution would not arise. 
The relative scarcity of the dissociable groups gives rise to such situations as 
were indicated in figure 1 (on page 174) of a preceding paper (16). The chances 
that a dissociable group is present in a short pore are small. It is easy to see 
that their distribution becomes critical to membrane behavior if every non¬ 
branching part of a pore does not contain at least one dissociable group which 
completely blocks the pore for ions of the same sign. One may add that the 
water content in volumes per cent and the charge density of the three membranes 
represented in figure 1 (page 174) in a preceding paper (16) is the same: neverthe¬ 
less, the electrical effects are entirely different, as has been pointed out previ¬ 
ously (16). With pores which are wider than those indicated in this figure the 
situation is more complicated: the problem of the simultaneous action of two 
(or more) groups arises, which obviousl}'' is determined by their relative position. 
The schematic figures given below are helpful in clarifying this problem. 

Figure 1 indicates in a rough way how the ionic selectivity of pores canyiiig 
fixed charges on their pore walls be visualized, the plus and minus signs 
indicating the cations and anions, respectively. The continuous circlCwS around 
the plus or minus signs represent the size of the ions (or ionized groups, respec¬ 
tively) including their effective shell of hydration, the outer dotted circles indi¬ 
cating the effective range of the electrical force of repulsion acting between the 
fixed charges situated on the pore walls and ions of identical signs in the solution. 
According to the best information available, the size of the hydrated ions changes 
but little with changing concentration. However, the distance o\'er which the 
repulsive forces of the charges are effective changes greatly with the concen¬ 
tration or, more correctly, with the ionic strength.® 

It is quite easy to see how under proper conditions a single charge in a gi\ en 
pore may block it completely for the passage of ions of the same sign. This 
occurrence is indicated in figure 1. In this and subsequent figures an arrow 
indicates how far the ions identical in sign with the charged wall groups may 
penetrate (from the left side) into the pores; an arrow across the whole length 
of the pore indicates that these ions are able to pass through the pore. 

® In a qualitative way this picture explains the concentration effect as well. It could 
be used as the basis of a quantitative theory of electromotive membrane behavior which 
would present marked analogies with the Gouy theory of the electrical double layer. How¬ 
ever, it should be realized that at the present time little is known about such mutters as the 
relative efficiency of the mechanical and the electrical blocking of pores. 
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In wid» pores the situation may easily arise that a sii^le change at any given 
spot of the pore would be unable to effect complete blockage to the passage 
ions of the same sign. Even if several charg^ groups are located in a pore, 
the situation is not much different, provided the dissociable groups are so far 
apart that they cannot act simultaneously on an ion of the same sign in solution 
(compare figure 2). If, however, two (or more) charges should coincide fairly 
closely in their position in the pore, as indicated in figure 3, then even a fairly 
wide pore may become completely impermeable for ions carrying the same 
charge as the fixed charges on the pore walls. 

It was indicated previously that there is no reason to assume that the pores 
in any real membrane are as simple and homogeneous as those indicated in the 
schematic figures 1, 2, and 3. With pores having a width which varies from 
point to point, the situation is less simple. Figures 4 and 5 indicate how in 
geometrically identical pores of this type the location of the fixed charged groups 
determines the electric characteristics of the pore. If a fixed charge is located 



Fio. 1. The blockage of the passage of ions by one fixed charged group of the same sign 
in a narrow pore. 

at a fairly wide spot, it is rather ineffective (figure 4) and does not block the pore 
completely for the passage of ions of the same sign; however, if located at a 
narrow spot, it can completely block the pore for ions of the same sign (figure 5). 

In the case of the more complex pores, their length, the charge density, and 
distribution determine their electrical behavior in a similar manner as with the 
highly schematised cylindiical pores. With membranes of a given water content 
and a given charge density on the pore walls, the chance that an electrically 
effective group will be present at a narrow spot is greater the more irregular the 
pores, provided the membrane is thick compared with the average distance 
between two charged groups. This means that the more irregular are the 
micelles which form the pore walls, the higher will be the electrical efficiency 
of the average pore in a membrane formed from collodion of a given acid number. 

So far only individual pores or parts of pores which do not branch have been 
discussed. However, it was indicated before that this situation cannot be ex¬ 
pected to prevail with coUodicm or similar membranes. Branching of pores 
as well as dead-end cavities must occur, as indicated in figure 6. It is easy to 
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visualize the effect of different locations in the same geometrical structure of an 
identical number of charged groups. A few suitably located fixed charges may 
completely block such a heteroporous system of pathways for ions carrying the 
same sign of charge; a higher average charge density with the groups less favor¬ 
ably located may still allow the passage of some such ions. 

The picture of the collodion membrane which has been sketched is as yet by 
no means completely worked out; many details are still missing. Further 
experimental work is needed on such problems as the correlation between non- 
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Fifj. 2, 3. The influence of the relative location of fixed charged groups in a moderately 
wide pore upon the blockage of ions of the same sign (see text). 

electrolyte and ion permeability, the electromotive behavior and the conductance 
of a variety of membranes with different electrolytes at different concentrations, 
the electromotive effects when different electrolyte solutions are separated by 
the membrane, etc. (5). 

III. THE HETEROPOROUS CHARACTER OF REAL MEMBRANES AND ITS BEARING 
UPON THE TEORELL AND MEYER-SIEVERS THEORY 

In this section we shall discuss briefly the bearing of the heteroporosity of 
membranes of porous character in general on the Teorell (21) and Meyer-Sievers 
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(10) theory which waa xhacussed in a preceding p^)er (16). Oae must recall 
on the one hand that the aelectivity constants Ap and Ai, which should be 
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Fig. 4, 5. The influence of the location of a fixed charged group in a heterogeneous pore 
upon the blockage of ions of the same sign (see text). 

identical according to the theory, do not show any regular or reasonable agree¬ 
ment; the Ap values derived from potentiometric measurement are in nearly all 
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instances several orders of magnitude higher than the Ab values derived from 
base-exchange data. On the other hand, the theory predicts rather accurately 
in a semiquantitative way the shape of the potential-concentration curves 
on the basis of clear and well-defined assumptions. This situation can indicate 
one of several possibilities, foremost among them that the attempt to measure 



Fic. C. The branching of pores and the random distribution of fixed charged groups in a 
real membrane. 

Ab values is basically erroneous; or that the theory is basically erroneous; or that 
the theory, though at least formally correct in some respects (as far as formal 
Ap values are concerned), is based not on a true but on an inadequate, fictitious 
picture of the physical facts, in which case it may not in its present form permit 
any application which goes beyond the establishment of formal Ap values. 

The first of these three possibilities seems least likely, for the theory is founded 
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on the veiy assumptions which coinc|(ie with the definition of the Ab selectivity 
constant. For the reasons given above one is reluctant to accept the second 
possibility: namely, that the theory is basically erroneous throughout. The 
greatest inherent probability seems to be with the third of the above-mentioned 
possibilities: namely, that the theory is built on a basis which, though partially 
correct, neglects some essential features of the real physical situation. 

The discussion of the heterogeneous character of the pore system of real 
membranes makes it appear likely that the weakness of the Teorell and Meyer- 
Sievers theory is basically connected with its rather ideal character; it does not 
take into account any real structural factors. The electromotive properties of 
membranes, as we have seen previously (15, 16), are determined essentially 
by the fixed charged groups located in narrow spots of the geometrically possible 
pathways across the membrane. The Ap values on the basis of this picture 
are determined by one or a few critically located charges along each possible 
pathway across the membrane; the Ab values are a mean concentration defined 
by the number of fixed charged groups divided by the pore volume. This situa¬ 
tion becomes clearly evident from a comparison of figures 4 and 5. The base- 
exchange selectivity constant ^46 is identical for the two cases sketched in these 
figures; A6 as a mean concentration is not influenced by the location of the fixed 
dissociable group on the pore wall. The ionic selectivities of the two pores 
represented in figures 4 and 5, however, vrhich according to the Teorell and 
Meyer-Sievers theory are measured quantitatively by the Ap values, are entirely 
different. The electrical efficiency of a fixed dissociable group—as shown in 
these figures—^is determined by its location in the heterogeneous pore, in other 
words, the electrical characteristics of the pore are determined by the geometrical 
structure of the immediate vicinity of the fixed dissociable group; the rest of the 
pore is actually ineffective and insignificant, provided it does not mechanically 
block out ions of different size. A fixed dissociable group must be thought of 
as being surrounded by a sphere of action extending into the solution according 
to the prevailing conditions of ionic strength, etc., as indicated by the dotted 
lines in the figures. Therefore, a suitably located dissociable group must give 
rise to a high degree of ionic selectivity, i.e., to a high Ap value in terms of the 
Teorell and Meyer-Sievers theory. 

If there is only one charged group in a pore, Ap describes the electromotive 
properties of that part of the pore which contains the dissociable group. If 
there are several dissociable groups in a pore, the electromotive properties of 
the latter will be determined primarily by that group (or combination of groups) 
which is located so as to be electromotively most effective. The Ab value in 
this case will generally be lower than Ap according to the heterogeneity of the 
pore.^ 

The A b values would become as high as the Ap values if the following set of conditions 
were realized: homoporosity of all parts of all possible pathways across the membrane; a 
spacing of the dissociable groups on the pore walls which coincides with the diameter of the 
sphere of action surrounding the individual charged groups; and the absence of branching 
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The discrepancy between the Ap and the Ah values, which is a necessary conse¬ 
quence of the heteroporosity-fixed-charge theory is found experimentally, as was 
mentioned before. In the preceding paper (16) it was demonstrated 
that the Ap values in most instances are several orders of magnitude higher 
than the corresponding Ah values; in agreement with the predictions of the 
heteroporosity-fixed-charge theory the disagreement between the two selectivity 
constants is less pronounced with membranes which carry an unusually high 
surface concentration of dissociable groups in their pores,—^namely, with 
membranes which were oxidized in the formed state.® 

Thus it becomes evident that the basic weakness of the Teorell and Meyer- 
Sievers theory lies in the neglect of the structural factor. The theory is built 
upon oversimplified assumptions. This, however, does not mean that the 
theory is valueless or should be abandoned. On the contrary, it should be used 
as a foundation for further theoretical work. Whether it will ultimately be 
advisable to split up the observed membrane potential into three parts, as was 
done by Teorell and Meyer-Sievers,—^namely, two Donnan potentials and one 
diffusion potential,—or whether it may not be preferable to consider statistically 
the probability that individual ions will pass critical spots, cannot yet be decided. 
The former method of approach, which has the advantage of being based on 
rather fully developed concepts, will be applicable to the actual physical situa¬ 
tion only after considerable modification. The latter method of approach,— 
namely, by a consideration of molecular processes occurring at individual spots, 
—^w’oiild be much closer to the physical facts but could not be based quite as 
conveniently on prior theoretical work.® 

IV. SOME EXAMPLES OP MACHINE ACTIONS OF MEMBR.\NES 

In a preceding paper (15) it \vas pointed out that much of the interest in 
membranes is due to their machine character. The machine actions of mem- 

parts of the pores which are too short to carry that number of dissociable groups which 
would give the same electrical characteristics as those of much longer pores. 

* It does not seem advisable to use the experimental values of Ap and A b given previously 
(16) for a discussion which goes much farther than that already given. The experimental 
data are too uncertain. The low base-e.vchange values, as was pointed out previously, are 
still fictitiously high, and the high base-exchange values which can be measured experi¬ 
mentally with a satisfactory degree of accuracy are likewise high. Many groups which 
contribute to the measured (long time) base exchange are undoubtedly located in the 
interior of micelles or in micro dead-end cavities where they cannot contribute to the 
electromotive action of the membrane. 

• The latter approach stresses several important facts. The function behavior of any 
real membrane is the result of the action and interaction of discrete (generally not equiva¬ 
lent) spots in the various pathways across the membrane which are separated from each 
other by the framework of the membrane. A number of dissociable groups located in the 
pores, which is far too small to yield a condensed monomolecular film of the same area as 
the membrane, may easily determine the behavior of even fairly thick membranes of porous 
character. 

It is tempting to expand this argument to a speculation concerning the nature, the mode 
of action, and the extreme sensitivity towards chemical changes of the very thin membranes 
frequently found in cells and tissues. 
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branes which do not involve electrical forces are ordinarily rather aimple. Their 
electrical machine actions are numerous; some of them are simple, others rather 
complex. On account of the great variety of the electrical machine actions of 
membranes and their importance in living systems, they command unusual 
interest. 

Membrane phenomena in the past have been discussed in most instances 
from the phenomenological point of view; only in rare instances have the machine 
action aspects of these phenomena—^their energetics—^been considered, and 
never in a comprehensive manner. The present statement represents a pi*ogram 
and an outline more than a report on finished accomplishments. 

After a brief mention of some machine actions of membranes which do not 
involve-electric forces, some of the characteristic electrical machine actions will 
be discussed. 

Semipermeable membranes may act under suitable conditions as perfect 
machines in reversible processes, transforming concentration energy into mechan¬ 
ical work by moving a piston against pressure (15). The best-known case of 
this type is represented by Pfeffer’s measurement of the osmotic pressure of 
sugar solutions. Conversely, mechanical pressure may be used to separate by 
filtration pure solvent from a solution, in which case mechanical energy may be 
transformed in a reversible manner into concentration energy. 

‘^Leaky’’ membranes which are not completely impermeable to the solute 
likewise may be used for the mutual transformation of mechanical and concen¬ 
tration energy, though, of course, only in an irreversible manner. 

Another non-electrical machine action of membranes of some interest occurs 
in systems of the following character: A membrane separates two solutions of 
different osmotic concentrations of two different solutes both of which are unable 
to penetrate the membrane, while the solvent may readily pass through it. In 
such systems the osmotically more concentrated solution will do concentration 
work on the more dilute solution, increasing the concentration of the solute in 
the latter. Even with semipermeable (‘‘selectopermeable'' (16)) membranes 
such processes are not reversible unless very special circumstances prevail. 
With *^leaky” membranes analogous effects can be produced, though, of course, 
in the long run the system moves tow^ards equilibration of concentration and 
pressure on the two sides of the membranes. This list of non-electrical mem¬ 
brane phenomena could be greatly expanded by the discussion of similar, more 
complicated systems involving three or more species of molecules in solution 
and membranes of various degrees of permeability for various of these molecular 
species (compare the work of Schreinemakers (12)). 

For the following presentation it is convenient to distinguish two groups of 
electric machine actions of membranes: phenomena or aspects of such phe¬ 
nomena which theoretically could occur with homoporous membranes which, 
in other words, do not need the assumption of heteroporosity for their explana¬ 
tion; and phenomena which are inherently based on a heteroporous oi* otherwise 
complex character of real membranes. 

The electromotive action of membranes is an effect which does not require 
for its explanation the assumption of heteroporosity. This effect can be under- 
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stood as the summation of the parallel action of identical pores which may or 
may be not strictly impermeable to the one or the other species of ions. 

With real membranes which are strictly impermeable to one kind of ions, all 
the pores behave electrically alike. The other physical differences of the pores 
on account of their electrical perfection are without significance. The observable 
effect with such membranes is the sum of the identical and parallel effects caused 
by all the pores. Such membranes can act as reversible electrochemical ma¬ 
chines; their overall efficiency is strictly comparable to that of reversible metallic 
electrodes, though the mechanism of their electromotive action is entirely differ¬ 
ent. The reader may recall that the previously discussed megapermselective 
membranes (15) act to a remarkable degree as nearly perfect machines over 
fairly wide concentration ranges.^® 

‘Xeaky'’ membranes give rise to electromotive forces which are below the 
theoretically possible maximum values obtainable with ideal reversible mem¬ 
branes, the observable effects depending on pore size and charge density as 
discussed in a preceding section of this paper. The electromotive behavior of 
^‘leaky’’ membranes which only partially restrict the penetration of one kind 
of ions could likewise be understood as the summation of the identical electro¬ 
motive action of their pore^. “Leaky” membranes as they exist in reality, 
however, combine a variety of pores with varying degrees of ionic selectivity; 
at least some of the pores in such membranes are too wide or too void of fixed 
charged groups to act as perfect ion sieves. 

The observable electrical effects on real “leaky” membranes are, of course, 
the result of the interplay of the various heterogeneous pores of the membrane. 
Viewed .superficially, however, the electromotive effect can be looked upon as 
originating from the summation of identical electrical effects arising in an equiva¬ 
lent liomogeneous pore system. Such leaky membranes are able to transform 
only a part of the free concentration energy of the surrounding solutions into 
electrical energy; they are imperfect electrochemical machines. 

Another interesting machine action of selectively ion-permeable membranes 
is tile Donnan effect.^- 

Membranes of this type therefore may be used for the potentiometric determination 
of ion activities. The (electronegative) megapermselective collodion membranes may be 
used as non-specific *‘electrodes’'for the determination of alkali ions and NH 4 ^;the (electro¬ 
positive) megapermselective protamine membranes as non-specific “electrodes” for the 
titration of most inorganic monovalent anions, such as NO*’“, ClOj”, F*“, etc. (K, Sollner: 
J. Am. Chem. Soc. 66, 2260 (1943)). Electronegative clay membranes which may show a 
considerable degree of specificity have been studied extensively by Marshall and collabo¬ 
rators (C\ E. Marshall and W. E. Bergman: J. Am. Chem. Soc. 63, 1911 (1941); J. Phys. 
Chem. 46 , 52, 325 (1942); C. E. Marshall and C. A. Krinbill: J. Am. Chem. Soc. 64 , 1814 
(1942)). 

Such membranes occur nearly universally in living systems; the question w'hich has 
not yet been decided is under w’hat conditions the electromotive forces arising at these 
membranes are utilized to bring about specific useful processes, and in what situations the 
electrical energy is dissipated in an unorganized manner. 

^2 For a fairly comprehensive treatment of this effect compare T. R. Bolam, The Donnan 
Equilibria and their Application to Chemical^ Physiological and Technical Processes, G. Bell 
and Sons, London (1932). 
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Experiments on the Donnan effect in which the non-diffusible ion is not of 
colloid!^ or semicolloidal size but of low molecular weight have been described 
in rare instances only and with not altogetiier satisfactory results. 

We have recently been able to investigate systems which allow the establish¬ 
ment of membrane equilibria involving only the ions of strong low-molecular- 
weight inorganic dectrol 3 rtes (7). With the negative megapermselective col¬ 
lodion membranes, the anions take the place of the non-diffusible “colloid” ions; 
with the electropositive megapermselective protamine membranes, the cations 
represent the non-diffusible ions. Table 1 shows Donnan equilibria obtained 
with megapermselective collodion membranes. 

TABLE 1 


Donnan equilibria acrose megapermaeleetive eoUodion membranee 
Identical volumes of solution on the two sides of the membrane 
Vol.in — Vol-Out 




OKIGINAL STATE 

EQUIUBEIXnC STATE 

IN 

BATIO;-;- 

OUT 

NO. 

SOLUTE 

In 

Out j 

Experimental 

Calculated 

Experi’ 

Calcu* 



In 

Out 

In 

Out 

mental 

lated 


i 

mUlimolts 
per liter 

millimoles 
per liter 

miUimeles 
Per liter 

millimoles 
per liter 

milli¬ 
moles 
per liter 

milli¬ 
moles 
per liter 



A 

NH4+ 

30.0 


22.4 

7.5 

22.5 

7.5 

2.99 

3.00 


K+ 


10.0 

7.5 

2.5 

7.5 

2.5 

3.00 

3.00 


ci- 

30.0 

10.0 

29.8 

10.1 

30.0 

10.0 

2.95 

3.00 


Sucrose* 

! 

33 


(33) 


(33) 



B 

Na+ 

30.0 


22.5 

7.5 

22.5 

7.5 

3.00 

3.00 


NH4+ 


10.0 

7.4 

2.5 

7.5 

2.5 

2.95 

3.00 


CtO — 

15.0 

5.0 

14.9 

5.0 

15.0 

5.0 

2.98 

3.00 


Sucrose^ 


19 


(19) 


(19) 




* Sucrose is added in the proper concentration to establish osmotic equilibrium. 


The Donnan effect is without doubt of great importance in biological proc¬ 
esses; it also could assume industrial importance if use w'ere made of “mega¬ 
permselective” membranes. 

With suitable leaky membranes an analogous, though temporary, electrical 
machine effect can be observed. 

The electrical machine actions of membranes which have been discussed so 
far are all due to energy which is stored in the solutions which are separated 
by the membrane. We shall now consider also some effects which are due to the 
application of energy from the outside to liquid-membrane-liquid systems. 

The simplest electrical effect due to the application of mechanical pressure 
is the “streaming potential”. The phenomenological as well as the theoretical 
aspects of this effect have been treated repeatedly in an adequate manner and 
therefore do not require further discussion here (3, 13). 

^‘ Of great interest are the electrical machine actions of membranes which are 
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observed when a current is passed through a system electrolyie solution-mem- 
brane**-electrolyte solution. The best known of these effects is electroosmosis, 
the movement of liquid under the influence of an outside electric field through 
the membrane in such systems (3, 13). The primary observable effect is the 
transportation of liquid, which can occur against hydrostatic pressure. In this 
case electrical energy may be transformed—^in a rather inefficient manner—into 
mechanical energy. The phenomenology and general theory of this effect have 
been dealt with rather adequately in the literature and therefore do not need 
further discussion here. The purely energetic and efficiency aspects of this 
problem, however, have never been dealt with adequately and will require in 
the future further experimental study. 

While electroosmosis occurs, certain changes in the composition of the solu¬ 
tions adjacent to the membrane are observed rather universally. Practical 
use is made of these concentration changes in electrodialysis, when under suit¬ 
able conditions electrolyte solution (and ions) are removed from a solution con¬ 
taining colloidal material. The energetics of this process are still unsolved. 

Of great basic interest are the very considerable concentration changes w'hich 
occur with dense membranes in contact on both sides with the solution of an 
electrolyte. If a current is passed through such a system, there are not only 
changes in the concentration of this electrolyte but free acid appears on the one 
side of the membrane and free base on the other. This is due to the fact that 
wdthin the membrane the or OH“ ions contribute substantially towards the 
transportation of current. The basic theory of this effect w^as worked out in 
some detail by Bethe and Toropoff (4) nearly thirty years ago. Unfortunately, 
how^ever, this line of work, in spite of its great importance, has never been con¬ 
tinued. Many aspects of the Bethe-Toropoff effect, particularly the problems 
connected with its energetic efficienc 3 % are stiU in a state of obscurity. Paren¬ 
thetically it may be added that many physiologists are inclined to look to the 
Bethe-Toropoff effect for an explanation of many biological membrane actions. 

Some of the electrical machine actions of membranes described in the preceding 
paragraphs can be explained fully and others can be understood at least in a 
superficial manner without taking into account the heteroporous character of 
real membranes. For a complete understanding of the latter cases, howwer, 
it would be necessary to consider the interaction of the various non-equivalent 
pores. Such detailed considerations are desirable, e.g., when considering the 
electromotive action of leaky membranes or the liquid movement and back- 
movement (and the corresponding mixing of the solutions at the tw^o sides of 
the membranes) in electroosmosis. 

There are, howwer, some electrical machine actions of membranes the mecha¬ 
nisms of which are essentially due to the heteroporous or otherwise complex char¬ 
acter of real membranes. Such effects, therefore, can be understood on^v if this 
character of real membranes is taken into account. 

The best-investigated effect wdiich is due entirely to the electrically hetero¬ 
geneous character of real membranes is the phenomenon known as anomalous 
osmosis. Under this heading one designates all those liquid movements across 
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membranes separating two solutions of different concentration which, according 
to their rate or the pressures obtained, w’ould not be predicted on the basis 
of the van^t Hoff osmotic theory. With (non-swelling) membranes of porous 
character such anomalies are found only if an electrolyte diffuses through a leaky 
membrane; they are never found with membranes which are strictly impermeable 
to the one or the other species of ions. The theory of this effect has been dis¬ 
cussed in previous papers (8, 14, 20); therefore only an outline of the basic idea 
of this theory needs to be given here. 

Since membranes are heteroporous, different pores may give rise to pore poten¬ 
tials of different magnitude. Pores or parts of the membrane which give rise 
to different pore potentials or local dynamic membrane potentials act upon each 
other. Local electric circuits are thereby set up, some of the pores (or parts 
of the membrane) acting as sources of electric energy, while through other pores 
the current is driven passively. While the current flows through the latter pores, 
it brings about electrodsmosis. This electro5smotic translocation of liquids 
across the membrane is the anomalous osmotic liquid movement observed with 
suitable porous membranes w’hen an electrolyte dialyzes through them. 

Though these considerations were based only on the assumption of pores of 
different width and constant charge density (the converse situation and inter¬ 
mediate cases having been neglected), it was possible to deduce rules from a few^ 
simple premises which, in agreement with all knowm experimental facts, seem to 
govern the occurrence of anomalous osmosis. This is the outstanding case in 
which the assumption of heteroporosity in membranes has led with inherent 
necessity to the solution of a long controversial problem. 

Anomalous osmosis is thought by many investigators to furnish a possible 
explanation for many complicated actions in living membrane systems. In this 
connection it is of interest to note that using the previously (2, 15, 16) de¬ 
scribed types of electrochemically active membranes, w’^e demonstrated that 
anomalous osmosis is able to drive appreciable quantities of liquid through a 
membrane, even against considerable concentration gradients (1). Under 
favorable conditions liquid transports up to 1 cc. per cm.^ per hour could be 
observed. 'W'e have not yet measured the energetic efficiency of this process 
under various conditions. It undoubtedly is very low. In spite of this low' 
efficiency, however, it seems that anomalous osmosis may play an important 
part, in the translocation of liquids in living systems in which concentration 
energy of metabolic waste products is available in sufficient quantity. 

In naturally occurring membranes there is reason to believe that heterogeneity 
of properties beyond simple variations of pore size and charge distribution exists. 
There is evidence that different areas in the surfaces of single cells or multi¬ 
cellular membranes may have oppositely charged pores. One area may have 
electropositively and another electronegatively charged channels. Such mosaic 
structures offer numerous interesting possibilities for the operation of useful 
machine actions. The further investigation of such mosaic membranes, their 
properties, and their functional behavior is now possible and the author hopes 
to undertake this in the near future. 
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V. SUMMARY 

1 . The empirical permeability characteristics of membranes of porous char¬ 
acter for solutes of different molecular weight generally cannot be explained 
without the assumption of a heteroporous stmcture of these membranes. Like¬ 
wise, anomalous osmosis, which is frequently observed when an electrolyte solu¬ 
tion diffuses through a porous membrane, cannot be understood without the 
assumption of geometrical and electrical heteroporosity of such mem})ranes, 
the mechanism which brings about anomalous osmosis essentially l>eing a result 
of the electrical interaction of these inhomogeneities. Membranes of porous 
character therefore must be assumed in general to be heteroporous. The hetero¬ 
porosity of collodion and similar membranes is due to the more or less random 
aggregation of the macromolecules and hiicelles which form the membrane 
skeleton. 

2 . The pore systems of real membranes can be visualized as a sequence of 
narrow channels and wider cavities which, interconnected at random, traverse 
the membrane. The electrical behavior of these pore systems is governed by 
two factors: the ability or inability of the ions of an electrolyte to enter purely 
on the basis of size into the various parts of the pore system, and an electrical 
factor, the repelling forces emanating from fixed dissociable groups on the pore 
walls. The frequency and distribution of these dissociable groups which restrict 
or prevent the penetration of ions carrying the same charge seem to be the main 
factor which governs the ion permeability of membranes of porous character. 
A tentative picture of this electrical screening effect is given in the text. 

3. In a previous paper it was shown that the selectivity constant of the Teorell 
and Meyer-vSievers theory of electrical membrane behavior can be determined 
in two independent ways,—namely, from electromotive measurements and from 
base-exchange studies. It was then found that the electromotive selectivity 
constant Ap is universally higher, in many instances by several orders of mag¬ 
nitude, than the selectivity constant A b of the same membrane which is derived 
from base-exchange data. The assumption of heteroporosity affords at least 
qualitatively a satisfactory explanation of this discrepancy. The electromotive 
properties of a membrane are determined by the fixed dissociable groups located 
in the narrowest part of each possible pathway across the membrane; Ap there¬ 
fore must necessarily be higher than the corresponding At value, which is based 
on the assumptions of averages. The weakness of the Teorell and Meyer- 
Sievers theory is the neglect of any real structural factors. 

4. Several membrane phenomena, such as electromotive action, osmotic 
action, Donnan equilibria, electroosmosis, the Bethe-Toropoff effect, anomalous 
osmosis, etc., are considered from the point of view of the machine character of 
membranes. 

The author wishes to express his thanks for and his appreciation of the many 
stimulating and interesting discussions on membranes, their nature, and tiieir 
functions, which he had over a period of several years with his friend Dr. M. B. 
Visscher, Head of the Department of Physiology, I'niversity of Minnesota. 
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RUBBER. I 

‘‘Precipitation Value^’ and its Significance in Characterization and 
Evaluation of Natural Rubbers 
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The solubility of a polymer is a function of the degree of polymerization; 
in general, it decreases with an increase in molecular weight. The direct deter¬ 
mination of solubility for such a substance is usually very difficult and cumber¬ 
some (2). When a non-solvent is added gradually with thorough mixing to a 
dilute solution of a polymer, a mixture of non-solvent and solvent in definite 
proportions is eventually obtained in which the polymer is no longer completely 
soluble. At this point a turbidity appears, owing to incipient precipitation. 
Jirgensons (2) used this simple method of titrating to the cloud point in order 
to determine itdative degrees of polymerization in such substances as nitro¬ 
cellulose, starch triacetates, and polystyrene polymers. 

In the case of rubber, Midgley et al, (3, 4) distinguished between fractions of 
diffei-ent molecular weight by means of their solubilities in mixed solvents and 
in this connection used the ‘‘standard precipitation point^' as a characterizing 
property. This point was defined as the temperature at which a slowly cooled 
mixture* of 0.85 per cent of the nibber, 28.55 per cent of absolute alcohol, and 
70.()0 pc*r cent of benzene show^s a sudden increase of turbidity. 

In the course of the evaluation or characterization of rubber recovered on a 
pilot-plant scale from the leaves of goldenrod {Solidcujo leavenworthii) in this 
laboratory by a two-stage extraction process in w Inch the leaves are extracted 
with acetone prior to extracition of the rubber with benzene, a simple titration 
method has been developed for estimating the relative solubilities or “precip¬ 
itation value’' of rubber samples. This method might be modified for use in 
characterizing polymers other than those of isoprene. The “precipitation value” 
as used for rubber is defined as the number of milliliters of absolute ethyl alcohol 
reejuired to produce a cloud point in 10 ml. of a clarified benzene solution con¬ 
taining 0.0175 g. of sample. The larger the volume of alcohol required, the 
greater is the solubility of the rubber. Unless stated to be otherwise, all precip¬ 
itation values are corrected to 25°C. 

Experiments have been performed which show' that, in general, treatments 
such as mastication, heating, and exposure to light, which are known to cause a 
decrease in the viscosity (average molecular weight) of rubber, cause an increase 
in the precipitation value. Information has been obtained concerning the 

* One of the laboratories of the Bureau of Agricultural and Industrial Chemistry, Agricul¬ 
tural Research Administration, United States Department of Agriculture. 
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significancje of the precipitation value and therefore of eolubility data, and 
concerning the limits of their applicability in the characterization of rubber. 

EXPERIMENTAL METHODS 
Preparation of the nMer eolvHon 

One gram of the rubber sample is dissolved in 200 ml. of reagent-grade benaene 
in a stoppered flask by allowing it to stand in the dark overnight or until solution 
is complete. To clarify the solution 1 g. of Merck’s activated charcoal is added 
and the solution is slurried and allowed to settle at least 15 min. The slurry is 
then filtered through a filter paper on a Buchner funnel previously prepared by 
filtering a small benzene slurry of activated charcoal and a filter aid (Hyfio 
Super-cel) and washing with benzene. The rubber solution is not added until 
the benzene comes through clear. No washing is necessary. 

Total solids are determined on the clarified solutions by evaporating an aliquot 
in an impinging stream of nitrogen under a bell jar. The solution is then diluted 
with benzene to such a concentration that 100 ml. contains 0.175 g. of total 
solids. 

Other methods were tried for making the solutions clear enough to be titrated. 
Aluminum oxide columns similar to chromatographic columns were employed; 
though effective, they were too slow to be practicable. The precipitation value 
obtained seems to be independent of the method of clarification used; a sample 
of hevea smoked sheet gave the same value whether clarified by sluriying with 
activated carbon, by filtering through cotton, or by passing through a column of 
activated alumina. 


Titration 

Ten milliliters of this solution is titrated with absolute ethyl alcohol with 
continuous shaking in a 30-mm. test tube until the cloud point is reached. The 
cloud point is observed against a black background with illumination by a 
fluorescent lamp. The temperature of the solution is then measured, and the 
precipitation value at 25®C. is obtained by applying a slight temiierature cor¬ 
rection as described below. 

The reproducibility of the end point is 0.05 ml. for precipitation values up to 
about 6 ml. and is less satisfactory for higher values. End points above 25 ml. 
cannot be determined because of the high degree of dilution. 

The precipitation value is not very sensitive to errors in the rubber concen¬ 
tration. Solutions of hevea smoked sheet and goldenrod rubber of various 
concentrations were titrated; for hevea, it was difficult to obtain good cloud 
points for concentrations above 0.3 g. per 100 ml., owing to the tendency of the 
rubber to precipitate in the form of agglomerates. The results, shown graph¬ 
ically in figure 1, indicate that for hevea and goldenrod the measured precipita¬ 
tion values do not change wthin the limit of error, 0.05 ml., for any concentra¬ 
tion between 0.150 and 0.200 g. per 100 ml. of solution. 

The effect of temperature on the precipitation values of hevea smoked sheet 
and goldenrod rubber was determined by performing the titration at various 
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temperatures between 20° and 50°C. The data obtained (figure 2) can in each 
case be represented by a straight line within the limits of error through the range 
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Fig. 1. Effect of concentration on the measured precipitation value 



Fig. 2. Variation of precipitation value with temperature 

considered, each having a slope of about 0.05 ml, per degree C. Thus to correct 
precipitation values to 25°C., 0.05 ml. is subtracted for each degree above that 
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temperature or added for each degree below it. This value has been assumed to 
be applicable to all types of rubber in the present investigation for temperature 
corrections of a few degrees. 

« Viscosity measumnenis 

Viscosities were measured by means of Ostwald viscometers as modified by 
Zeitfuchs (6), using the technique of Craxton (1). They were determined at 
25®C. in benzene solutions containing 0.175 g. per 100 ml. The same rubber 
solutions can be used for these determinations as are used for the determinations 
of precipitation value if special precautions are taken to obtain the correct con¬ 
centration. The viscometers were calibrated with benzene and checked against 
water. The results were calculated as absolute viscosities, rja, in centipoises at 
25®C. The absolute viscosity of benzene at 25®C. was taken as 0.608 centipoise. 

Throughout the experiments precautions were taken to expose rubber solutions 
to light as little as possible. 

RESULTS AND DISCUSSION 

Data for various samples of rubber 

Precipitation values and viscosities were determined for benzene extracts of 
goldenrod rubber obtained from the various pilot-plant runs in this laboratory 
and also for specimens of different types of natural rubber. The results are 
tabulated in tables 1 and 2, respectively. Leaving gutta percha out of consid¬ 
eration, as an exception, the precipitation values varied from 3.80 ml. for hevea 
smoked sheet to 5.30 ml. for the poorest goldenrod rubber, Pilot Plant Run No. 
2 . In general, the low^r the precipitation value, the greater is the viscosity of 
the rubber sample. No simple relationship exists, however, nor, in view of the 
results on binary mixtures to be discussed later, would it be expected. 

The average results for precipitation value and viscosity of rubbers obtained 
in the various pilot-plant extractions of goldenrod are 4.52 ml. and 0.681 centi¬ 
poise, respectively. A poor grade of rubber gives a very high precipitation value 
and a low viscosity. Pilot Plant Run No. 2 gave the liighest precipitation 
value, 5.30 ml., and a very low viscosity, 0.649 centipoise. This sample resulted 
from the extraction of goldenrod leaves from dead and field-dried stems and was 
very much degraded, judging (!) from fractionation data given in a separate 
publication and (2) from the fact that the sample was extremely sticky and semi¬ 
liquid. On the other hand, Pilot Plant Run No. 17 (acetone precipitated), prob¬ 
ably the best goldenrod rubber obtained direct from the pilot plant, gave a 
precipitation value of 4.30 ml. and a viscosity of 0.728 centipoise. This sample 
was in a sense partiaUy purified, since the acetone used in the preliminary ex¬ 
traction of the leaves contained some 20 per cent of benzene; it has been shown 
that a mixture of acetone and benzene dissolves some of the lower-molecular- 
weight fractions of rubber. The sample was fairly hard and practically non- 
sticky. The relationship between the precipitation value and viscosity will 
be further discussed below in connection with additional data. 

Inaction of table 1 shows that all the goldenrod rubber samples having 
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TABLE 1 

Predpiiatiim values and absolute viscosities of pilot-plant goldenrod rubbers 


PXtOT PLANT lUN NO. 


PRECIPITATION 

VALUE 


ria AT 25*C. IN 
BENZENE (0.175 O. 
PER 100 ICL.) 



precipitation values below 4.45 ml. have relat ively high viscosities (al)ovT 0.G85 
centipoise). For the samples having precipitation values abo\'e 4.80 ml. the 
viscosities are relatively low, below 0.050 centipoivse. When the precipitation 
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values lie between 4.45 and 4.80 nal*, however, there seems to be no definite 
correlation between the precipitation value and the viscosity of a sample; that 
is, the corresponding viscosities vary inconsistently between 0.650 and 0.720 
centipoise. A possible explanation for this inconsistency will be mentioned in 
connection with the discussion of the significance of the precipitation value. 

TABLE 2 


Precipitation values and absolute viscosities of various natural rubber specimens^ 


SAMPLE 

PtECIPITATION 

VALUE 

90 AT 25*C. XN 
BENZENE (0.175 0. 
PEE 100 ML.) 


ml. 

centipoises 

Hevea (purified crepe sheet). 

3.90 

2.4 

Cryptostegia (smoked sheet). 

3.95 

1.9 

Castilla (smoked sheet). 

4.00 

1.8 

Hevea (smoked sheet). 

3.80 

1,8 

Hevea (yellow crepe)... 

3.90 

1.2 

Kok-saghyz . 

4.15 

1.1 

Guayule. 

3.90 

0.98 

Ghilto (commercial). 

4.05 

0.98 

Guayule (Mexican resinous). 

4.10 

0.97 

Guayule (Domestic deresinated). 

4.15 

0.92 

Guayule (Mexican deresinated). 

4.20 

0.97 

Guayule (Domestic resinous). 

4.20 

0.85 

Gutta percha. 

3.05 

0.73 

Gutta percha (old sample). 

4.15 

0.06 

Goldenrod (average). 

4.52 

0.68 


* These values can be considered as characteristic only of the particular specimen and 
not necessarily of the variety of rubber. 


TABLE 3 

Effect of aging of sample of guayule on precipitation value and viscosity 


TIME 

PRECIPITATION VALUE 

! 

90 AT 25®C. IN BENZENE (0.175 G. 

XN 100 ml.) 

days 

ml. 

centipoises 

0 

3.90 

0.9S 

280 

4.25 

0.82 

302 

4.50 

0.75 

307 

4.45 

0.75 

362 


0,73 


It is well known that rubber may undergo degradation on aging owing, for 
example, to oxidation or exposure to light. This is illustrated by the data given 
in table 3 for a sample of guayule rubber after various periods of time. The 
sample, which was rather spongy in appearance, was in the form of a large lump 
and was kept protected from light in a laboratory drawer. In ten mon^lis the 
precipitation value had risen from 3.90 to about 4.50 ml., the viscosity had 
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decreased from 0.98 to 0.73 centipoise, and the sample had l^ecome very sticky. 
It diould be mentioned that this behavior is not typical of all the guayule sam¬ 
ples studied. Since the properties of a given sample depend upon its history, the 
values in table 2 can be considered characteristic only of the particular specimen 
tested and not necessarily of the variety of rubber. 

Effect of masticaiion 

A sample of hevea smoked sheet was extensively masticated by a stepwise 
process in a mill by setting the rolls successively closer and closer together. 
Samples were taken off after treatment at each setting. The precipitation value 
changed progressively from the original value, 3.80 ml., as follows: 4.25, 4.60, 
4.80, 4.86 ml. The viscosity of the final product was 0.68 centipoise, as com¬ 
pared to 1.84 for the original unmasticated sample. 



Fig. 3. Irradiation of solutions of rubber specimens 

In another experiment tJie mavStication was eanied to the extent, estimated 
to be approximately that usually attained for compounding. I'he viscosity had 
decreased from 1.84 to 0.73 centipoise and the precipitation value had increased 
from 3.80 to 4.45 ml. This change in precipitation value, indicating increased 
solubility due to depolymerization, corroborates the finding of Midgley, Henne, 
and Renoll (5), that their “standard precipitation point’* (temperature of precip¬ 
itation) for a pale crepe rubber was reduced by milling. 

Effect of heat 

The precipitation value of hevea smoked sheet was changed from 3.80 h) 4.00 
ml. by heating the solid for 6 hr. at 120^*0. in an air oven. 

Effect of irradiation 

' Exposure to light also causes an increase in the precipitation x aluo. Figure 
3 gives a graphical representation of the results obtained in a preliminary experi- 
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ment. The rubber samples were dissolved, clarified, and diluted to a concen¬ 
tration of 0 J76 g. per 100 ml. of benssene solution by the usual procedure. Ten- 
milliliter aliquots were then exposed in Pyrex test tubes at a distance of 12 cm. 
from a 100-watt Mazda bulb, removed at the intervals indicated, and titrated. 
As shown by the figure, the rate of degradation increased rapidly in the order: 
hevea, guayule, goldenrod, cryptostegia. It was found that Agerite, Rectol 
H, and other antioxidants inhibited this reaction, while the presence of chloro¬ 
phyll and other activators enhanced the rate of the reaction. When a trace of 
chlorophyll was added to the original hevea solution, for example, a 60-min. 
exposure caused the precipitation value to change from 3.80 to 9.30 ml., while 
without the chlorophyll the change was only from 3.80 to 3.90 ml. This affords 
a possible explanation of the different rates of degradation in figure 3, since the 
rates increased in the same order as the depth of green color in the clarified solu¬ 
tions. The hevea solution was almost water-white and the cryptostegia, w^hich 
was a benzene extract of the leaves, was quite green. It was observed that 
different goldenrod solutions give different rates according to the degree of 
removal of coloring matter. 

The rate of change of the precipitation value during irradiation is greater at 
higher temperatures. Aliquot samples of a benzene solution of the goldenrod 
rubber, 0.175 g. per 100 ml. of solution, were placed in Pyrex test tubes 6 cm. from 
a Mazda lamp and irradiated for 1 hr. The original solution had a precipitation 
value of 4.40 ml. In the case of two sets of duplicates cooled by an electric fan 
(temperature of the solution 31°C.), the precipitation values at 25®C. were 7.G 
and 7.4 ml.; the corresponding values for two other sets of duplicates without 
fan cooling (55°C.) were 8.6 and 8.2 ml. 

The follow^ing experiment was performed in the study of the relationship 
between the change in viscosity and precipitation value during irradiation. A 
large batch of a benzene solution of goldenrod rubber was clarified with activated 
carbon and diluted to a concentration of 0.175 g. per 100 ml. in the usual w^ay. 
T\velvc 50-ml. portions of this solution were measured into 125-ml. Pyrex Erlen- 
meyer flasks and placjed in direct sunlight. As the irradiation progressed, they 
were removed one by one and placed in the dark; their properties were then 
determined and the results plotted as in figure 4. Within the first 30 min. of 
irradiation, the precipitation value had risen to more than 25 ml., the maximum 
significant value determinable. The viscosity had decreased from 0.682 to 
0.661 after 30 min. of irradiation and was still falling after 60 min., when it had 
reached 0.646 centipoise. 

Investigation of binary mixtures of rubber soliUions 

Benzene solutions of various kinds of rubber were prepared by clarif 3 dng with 
activated carbon and making up to a concentration of 0.175 g. per 100 ml. in 
large batches. Considerable volumes of some of these solutions were then ir¬ 
radiated in sunlight to cause degradation, as indicated by the decrease in viscosity 
and increase in precipitation value. 

Pairs of the irradiated and unirradiated solutions were then mixed in varying 
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proportions, and the precipitation values and viscosities of the mixtures were 
determined. For example, 1, 2, 3, etc. ml. of the first solution were pipetted 
into different test tubes and 9, 8, 7, etc., ml., respectively, of the second solution 
were then added to make the total volume 10 ml. in each case. The results 



Fig. 4. Irradiation of goldenrod rubber solution 


ML. IRRADIATED GOLDENROD SOLUTION 



0 a 4 6 8 iO 


ML GOLDENROD SOLUTION 

Fig. 5. Binary system: hevea and irradiated hevea solutions 

are shown graphically in figures 5 to 9. Figure 10, showing the precipitation 
values for mixtures of a 0.175 per cent solution of gutta percha with pure benzene 
instead of with another rubber solution of the same concentration, is included 
for consideration with the others. It is really a concentration cuiwe of the 
type shown in figure 1. 
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ML. IRRADIATED HEVEA SOLUTION 



ML. HEVEA SOLUTION 


Kio. 6. Binary system: goldenrod rubber and irradiated goldenrod rubber solutions 


ML. IRRADIATED GUTTA PERCHA SOLUTION 



ML.GUTTA PERCHA SOLUTION 


Fig. 7. Binary system: gutta percha and irradiated gutta percha solutions 

In another experiment a clarified benzene solution containing 0.175 g. of 
hevea per 100 ml. was exposed in a Pyrex flask to the light of a Sunlamp, and 
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samples were removed after various periods. The precipitation value was 
determined for each sample and also for a mixture of 1 ml. of each sample with 

ML, IRRADIATED HEVEA SOLUTION 



Fio. 8. Binary system; gutta percha and irradiated hevea solutions 
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Fig.. 9. Binary system: gutta percha and goldenrod rubber solutions 


9 ml. of the end product, which had a precipitation value of 10.5 ml. The 
results are given in tabic 4. 
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Significance of the precijntaiion valve 

Curves 5 to 10 show quite clearly that while viscosity is roughly an additive 
property the precipitation value is not. The viscosity is known to be a function 
of the average molecular weight. From these curves the precipitation value 
seems to be a measure of the largest molecular weight present in the rubber in 
an appreciable amount and is more or less independent of the average molecular 
weight. 

Consider the case of a 0.175 per cent solution of hevea rubber irradiated so as 
tb change its viscosity from 1.84 to 0.620 centipoise and its precipitation value 
from 4.05 to 14.0 ml. The addition of four volumes of the irradiated sample to 



Fig. 10. Effect of concentration on measured precipitation value of gutta percha 


TABLE 4 

Effect of light on precipitation value of hevea solutions in benzene 


SAMPLE NO. 

EXPOSURE TIME 

PRECIPITATION VALUE 

PRECIPITATION VALUE OP 1:9 
MIXTURE WITH SAMPLE 6 


hours 

ml. 

ml. 

1. 

1 

4.00 

4.10 

2. 

5 

4.10 

4.26 

3. 

15 

6.60 

6.10 

4. 

19 

7.7 

9.1 

5. 

21 

8.7 

10.4 

6. 

24 

10.5 



one volume of the untreated sample lowers the viscosity by about 1.1 centipoises, 
while the corresponding change in precipitation value is only 0.15 ml. (see figure 
5). It is thus apparent that from these two hevea rubber solutions it would 
be possible to prepare samples having a precipitation value of 4.10 ± 0.10 ml. 
and any desired viscosity (average molecular weight) between 1.84 and 0,77 
(icntipoise. 

Samples having the same precipitation value may, in fact, differ markedly in 
their behavior depending on their history. This is illustrated by sample 3 in 
table 4. A 1:9 mixture of this sample (precipitation value 5.50 ml.) and the 
end product (precipitation value 10.5 ml.) had a precipitation value of 6.10 ml. 










PHYSICAL CHEMICAL INVESTIGATIONS OF GOLHENROD RUBBER. I 293 


Consider, on the other hand, the mixture of hevea rubber having a precipitation 
value of 5.50 in figure 5. From this curve, it is obvious that a mixture with nine 
volumes of a solution having a precipitation value of 10.5 ml. would have a 
precipitation value of about 10 ml. Thus precipitation value (solubility) alone 
cannot be used to characterize a rubber sample. 

This behavior also affords a basis for a possible explanation of the inconsist¬ 
encies mentioned above in connection with table 1. In the case of the various 
pilot-plant goldenrod lubbers, when the precipitation values were between 4.40 
and 4.80 ml., the corresponding viscosities varied inconsistently between 0.650 
and 0.720 centipoise. This can now be accounted for by assuming slight differ¬ 
ences in molecular-weight distribution in the pilot-plant products. 

Further, on the basis of this behavior, it might perhaps be anticipated that 
the relative changes of viscosity and precipitation value caused by irradiation 
would depend upon the thickness of the layers irradiated and thus upon the 
size of the sample being irradiated and upon the degree of natural or mechanical 
agitation. One might expect the precipitation value to increase more for a given 
fall in viscosity if a thin layer or a small batch were irradiated. In the case of a 
large batch, that part of the solution on the opposite side of the vessel from the 
light source might receive less intense irradiation and thus tend to lower greatly 
the pi-ecipitation value of the final mixed product, the viscosity of which might 
be ^ ery low\ This would explain the difference between the relationship of 
precipitation value and viscosity for the goldenrod irradiation product shown in 
figure 4 and that for the large-batch irradiated solution used to obtain the results 
of figure 6. In the former case a precipitation value of 25 ml. was reached when 
the viscosity had fallen to about 0.66 centipoise, while in the latter the precip¬ 
itation value had risen to only 15.0 ml., though the viscosity had fallen to 0.62 
centipoise. 

The existence of inc^onsistency between the relative ^’^alues of the viscosity 
and ])recipitation value for different rubber samples has a bearing on the applica¬ 
tion of the ‘‘standard precipitation point’' of Midgley and coworkers. The 
underlying cause of the inconsistency is the fact that the precipitation value is 
not ver>^ sensitive to changes in the concentration of the nibber solution used, 
while the viscosity is. Thin is illustrated by a comparison of figure 1 with figure 
6, and figures 7, 8, and 9 with figure 10. The data of Midgley, Henne, and Renoll 
(4) seem to show^ that this holds also for the concentration used in the determina¬ 
tion of the '‘standard precipitation point”. It therefore follows that neither the 
precipitation value nor the "standard precipitation point” alone can be satis¬ 
factorily used to characterize a rubber. Both may prove of value, however, 
when considered in conjunction with the viscosity. For example, if two golden¬ 
rod samples gave the same viscosity, it could be concluded that the one with the 
low er precipitation value contained an appreciable amount of a higher-molecular- 
weight fraction and that it must therefore contain a larger portion of a lower- 
molecular-weight fraction as a counterbalance. 

From the values for the precipitation value and absolute viscosity of hevea 
smoked sheet, 3.80 ml. and 1.9 centipoises, respectively, and the corresponding 
average values for goldenrod rubber, 4.52 ml. and 0.68 centipoise, it is apparent 
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that hevea has a much higher average molecular weight. Attention is called 
to the fact that this very high molecular wei^t is not necessary for the prepaia- 
tion of vulcaiumtes having good tensile strength and elongation; in fact, before 
compounding and vulcanization, hevea rubber is first broken down by nmstica- 
tion to a condition very close to that of goldenrod rubber. This is shown by the 
precipitation value and viscosity of masticated hevea, 4,45 ml. and 0.73 centi- 
poise. The corresponding values obtained for rubber from Pilot Plant Run 
No. 17 are 4.40 ml. and 0.722 centipoise. Goldenrod rubber gum stock vul- 
canizates have been obtained in this laboratoiy* which have a tensile strength 
of 2900 to 3600 pounds per square inch and an ultimate elongation of 750 per 
cent. 


SUMMARY 

A simple titration method has been developed for determining the “precip¬ 
itation value*’ of a sample of rubber. This constant is defined as the number of 
milliliters of absolute alcohol required at a given temperature to produce a cloud 
point in 10 ml. of a clarified benzene solution containing 0.0175 g. of the sample. 
The precipitation value, which depends fundamentally on solubility, is shown 
to be relatively insensitive to errors in concentration; that is, it changes rela¬ 
tively little over a considerable range of rubber concentrations. It increases 
progressively when the sample is degraded by treatments which decrease the 
viscosity, such as mastication, heating, and irradiation. Precipitation values 
and viscosities have been determined on goldenrod rubber from various pilot- 
plant runs, on a number of different kinds of natural rubber, and on various 
binary mixtures of these and other samples of rubber partially degraded by ir¬ 
radiation. It is indicated that the precipitation value—^and therefore the solu¬ 
bility—of a rubber specimen is determined by the fraction of highest molecular 
weight that is present in appreciable quantity. It thus differs from viscosity, 
which is generally considered to be a function of the average molecular weight. 
If used in conjunction with viscosity for the same solution, the precipitation 
value may be expected to give information concerning the relative molecular- 
weight distributions in different rubber samples. 

The authors are indebted to M. M. Graff, E. F. Pollard, F. L. McKennon, 
and H. L. E. Vix for their interest and cooperation in this investigation. Ac¬ 
knowledgment is also made to the commercial firms and other agencies which 
supplied various specimens of rubber. 
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In connection with the Emergency Rubber Project, goldenrod rubber has 
been recovered on a pilot-plant scale from the leaves of the goldenrod (Solidago 
leavenworthii) at the Southern Regional Research Laboratory by a two-stage 
extraction process in which the leaves were first extracted with acetone to remove 
resins and then with benzene to recover the rubber. The present publication is 
the outgrowth of an investigation of the effectiveness of various rubber anti¬ 
oxidants when added to the benzene extracts so obtained. The results may find 
application to extracts of other natural rubbers that are obtained from leafy 
material and may contain chlorophyll. 

It has been shown previously (11) that when a benzene solution of goldenrod 
rubber is irradiated in a Pyrex vessel in the presence of oxygen the precipitation 
value increases, the viscosity decreases, and the rubber undergoes degradation 
to a more liquid and sticky product. The precipitation value was defined as 
the number of milliliters of absolute ethyl alcohol required to produce a cloud 
point at 25%\ in 10 ml. of a clarified benzene solution containing 0.0175 g. of 
sample. The exact nature of this degradation is uncertain, but for hevea rubber 
it is generally considered that it involves some kind of oxidation (1, 3, 4, 5, 9). 
Also, as in the case of hevea, it may 1^ inhibited by antioxidants and accelerated 
by activators. 

In the present investigation the precipitation value has been used to investigate 
the light degradation of goldenrod nibber in benzene solution and especially 
to compare the effects of various commercial rubber antioxidants and other 
reagents on the rate of such degradation. 

experimental 

That goldenrod rubber takes up oxygen on irradiation was shown by the fol¬ 
lowing experiment: A benzene solution of about 1 per cent concentration was 
clarified with Merck’s activated charcoal (11) and put into two stoppered Pyrex 
Erlenmeyer flasks. One flask was kept in the dark, and the other was exposed 
to sunlight for 6 hr. Aliquots of these solutions were brought to a concentration 
of 0.175 g. of total solids per 100 ml. of benzene solution, and 10-ml. portions 

1 One of the laboratories of the Bureau of Agricultural and Industrial Chemistry, Agri¬ 
cultural Research Administration, United States Department of Agriculture. 

* The use of trade names for identifying particular substances employed in this investiga¬ 
tion does not constitute a recommendation of such substances or an endorsement of their 
manufacturers or distributors by the U. S. Department of Agriculture, 
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were then titrated to a cloud point with absolute alcohol to determine the precip¬ 
itation value. This value was found to be 4.40 ml. for the non-irradiated sample, 
the same as the original, while that for the irradiated sample had changed to 21 
ml. Both irradiated and non-irradiated solutions were evaporated to dr 3 mesB; 
benzene was removed in a nitrogen atmosphere and then in high vacuum; and 
the samples were subjected to combustion analysis. Empirical formulas were 
calculated from the data, five carbon atoms, being assumed in the goldenrod 
isoprene unit and a trace of nitrogen disregarded. The results are tabulated 
below: 


SAMPLE 

C 

H 

UNIT rOEMVLA I80PESNS 

- 

AVERAGE FORMULA 


per cent 

per cent 



Non-irradiated. 

86.0 

11.48 

C5Ha.o20o.u 

(CsHr.gsOo.iOn 


86.1 

11.40 

CsHT.gsOo.!! 


Irradiated. 

78.6 

10.46 

C6H8.ooOo.S2 

(C6Hr.020o.88)n 


78.4 

10.25 

C 6 H 7 . 88 O 0.64 



These data show that a total of about 9 per cent of its weight of oxygen was 
taken up by the goldenrod rubber during the irradiation, that the sum of the 
percentages of carbon and hydrogen was changed by irradiation from 98 per cent 
to 89 per cent, and that the calculated formula had changed from (C6H7.980o.ii)n 
to (C6H7.920o.53)n. Thus, G hr, of irradiation resulted in an increase of oxygen 
content corresponding to 0.4 atom of oxygen per isoprene unit. 

Procedure for comparirig antioxidants 

Several common antioxidants and other reagents were tested by adding them 
to clarified goldenrod rubber solutions, irradiating the solutions, and comparing 
the precipitation values obtained after irradiation. The solutions were benzene 
extracts of acetone-extracted goldenrod leaves and were prepared from benzene 
extracts obtained in the pilot plant. As these extracts were very highly pig¬ 
mented, it was necessary to clarify them. They were first brought to a concen¬ 
tration of about 1 g. of total solids per 100 ml., and an amount of Merck’s acti¬ 
vated charcoal equal to the weight of the rubber was added. The mixture was 
stirred well and allowed to settle. It was then filtered through a layer of the 
charcoal and a filter aid (Hyflo Super-cel) on a Buchner funnel, brought to a 
concentration of 0.175 g. per 100 ml., and stored in the dark. During the prepa¬ 
ration of the solution exposure to light w^as avoided as much as possible. This 
is the standard procedure and concentration used in the determination of precip¬ 
itation value (11). 

Ten-milliliter aliquots of this stock solution were pipetted into the required 
number of 30-mm. test tubes. Each tube contained a 5-mg. portion of a specific 
antioxidant. After solution was complete all the tubes were exposed simulta¬ 
neously to direct sunlight. Complete sets were removed at definite interv^als 
and placed in the dark. Each set included duplicate blanks containing no anti- 
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oxidant. The precipitation value was then determined for each tube by titrating 
to the cloud point with absolute alcohol, and the temperature at the end point 
was noted. The precipitation values were corrected to 25®C. by subtracting 
(or adding) 0.06 ml. for each degree above (or below) that temperature. Precip¬ 
itation values above 25 ml, are not measurable because of the high dilution 
involved. The presence of the added reagents did not affect the precipitation 
value of the stock solution appreciably. 

Table 1 shows the results of such an experiment. Irradiation of the blank 
(the stock solution) for 60 min. changed its precipitation value from 4.45 ml. to 
9.6 ml. On the other hand, no change in the precipitation value was noted after 
a 60-min. irradiation of the blank in low-actinic Pyrex glass that had approxi¬ 
mately the following transmission characteristics: 0 per cent at 3000 A.; 1 per 


TABLE 1 

Sunlight irradiation for 60 min.; 6 mg. of reagent in 10 ml. of benzene solution containing 
0.0176 g. of goldenrod rubber; precipitation value of original sample = 4.4B ml. 


REAGENT ADDED 

PRECIPITATION VALUE 
AFTER 60 MN. 
IRRADIATION 

JZF. 

ml. 

5.6 

Flectol H (Sample 1). 

7.0 

Agerite Resin D... 

8.0 

/3-Naphthylamine. 

8.3 

Pyrogallol. 

8.7 

Catechol. 

1 8.9 

Hydroquinone. 

9.3 

None (blank) . 

9.6 

Quinone. 

12.0 

Phenyl-/3-naphthylamine. 

Benzophenone. 

15.0 

Over 25.0 



After 60 min. irradiation in low-actinic red Pyrex glass tube, the titration value was 
unchanged, 4.45 ml. 


cent at 4000 A.; 4 per cent at 5000 A. ; and 12 per cent at 6000 A. It is apparent 
that this special glass filters out, for the most part, the wave lengths of light that 
are effective in the photochemical reaction involved. 

JZF, Flectol H (Sample 1), Agerite Resin D, jS-naphthylamine, pyrogallol, 
catechol, and hydroquinone inhibited the light reaction in lesser and lesser 
degree in the order named, while quinone, phenyl-/3-naphthylamine, and benzo- 
phenone increased the rate of the reaction. Since 25 ml. is the highest pivcip- 
itation value measurable, it is apparent that the benzophenone sample may have 
reached that value in considerably less than 60 min. 

In general, the lower the precipitation value after irradiation, the greater is 
the antioxidant or inhibiting effect of the i-eagent added. If the precipitation 
value after irradiation is higher than that of the irradiated blank, the added 
reagent can be said to enhance or activate rather than inhibit the light reaction. 
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Ib taUe 1 wad in all other tables, the reag^ts tested are arranged in the order 
of their aiq>arent efficiencies as inhibitors; all above the blank are inhibitors, all 
bdow are activators. 

The restilts of a amilar e^gieiiment including additional ocmunercial antion- 
dants are recorded in table 2. A number of apparent anomalies are disclosed 
by a comparison of these results with those of table 1. The commerdal anti¬ 
oxidants, JZF, Flectol H (Sample 1), and Agerite Resin D, show quite definite 
inhibiting effects on the reaction (table 1). Table 2, however, shows that JZF 


TABLE 2 

Stmlight irradiation; S mg. of reofiont in 10 mi. of btnsme lolvtion umtaining 0.017S g. of 
gddenrod rubber; precipitation value of original tample •• 4-4^ ml. 


SEAQEOT ADDED 

1 

j 

PKSCIPITATION VALUE AVTSE USAOIATION FOR 

40 min. 

70 min. 

100 min. 

125 min. 


ml. 

ml. 

ml. 

ml. 

p-Aminophenol. 

5.10 

6.0 

6.50 

6.7 

Stabilite Alba. 

6.4 

7.1 

7.8 

9.5 

P.C.P. No. 5. 

5.7 

6.9 

8.5 

10.5 

Methylumbelliferone. 

6.7 

7.5 

9.3 

10.6 

JZF. 

6.3 

7.7 

10.0 

11.8 

BLE Powder. 

6.7 

8.5 

10.5 

12.5 

Agerite Resin D. 

6.2 

8.5 

11.0 


None (blank) . 

e.4 

8.S 

11.0 

19.0 

Chlorocarvacrol (crude). 

7.0 

10.0 

12.5 

13.0 

Fleciol H (Sample 2). 

6.7 

9.0 

12.5 

13.5 

Diphenylamine. 

8.3 

11.3 

15.5 

24. 

Albasan. 

7.7 

11.0 

20.0 

25+ 

Agerite powder. 

9.7 

16.0 

25+ 

25+ 

1 ,4-N aphthaquinone. 

11.0 

! 16.0 

24. 

25+ 

Phenyl-/3-naphthylamine. 

11.0 

19.0 

25+ 

‘25+ 

MUF. 

12.5 

20.0 

25+ 

25+ 

Stabilite. 

23.0 

25+ 

25+ 

25+ 

Chlorothymol N.F. VII. 

25-f 

25+ 

25+ 

25+ 

BLE. 

25+ 

25+ 

25+ 

25+ 

Carvacrol C.P. 

25+ 

25+ 

25+ 

25+ 


Was less effective, Agerite Resin D had no effect, and Flectol H (Sample 2) had a 
sli^t activating effect. Furthermore, phenyl-;3-naphthylamine, Agerite pow¬ 
der, and other commercial rubber antioxidants favored the light reaction strongly. 

The results (ff other similar irradiation experiments, for example those given 
in table 3, verified the effectiveness of Flectol H (Sample 1) and p-aminophenol 
as inhibitors. In this particular case, as shown by the behavior of the blank, the 
stock solution used was obviously very much more sensitive to light than that 
used to obtain the results shown in tables 1 and 2. Examination of the stock 
solution revealed that it still contained considerable pigment, which indicated 
that the charcoal treatment for clarification had probably not been as effective 
as usual. 
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The discrepancy between Flectol H (Sample 1) and Flectol H (Sample 2) 
might be due either to a difference between the two samples or to a difference 
in the two stock solutions of goldenrod rubber used. The results given in table 
4 were obtained to determine the relative efficacy of Flectol H'(Sample 1) and 
Flectol H (Sample 2), and to determine the effect of residual pigmentation on the 


TABLE 3 

Sunlight irradiation; 5 mg, of reagent per 10 ml, of benzene solution containing 0,0i75 g, of 
goldenrod rubber {sample still slightly pigmented) 


REAGENT ADDED 

PSSCDPXTATION VALDE AFTER IRRADIATION FOR 

0 min. 

40 min. 

60 min. 

80 min. 


ml. 4 

ml. 

ml. 

ml. 

Flectol H (Sample 1). 

4.45 

9.5 

23.0 

254- 


4.45 

9.7 

23.0 

254- 

p-Aminophenol... 

4.45 

10.0 

22.0 

254- 


4.45 

10.0 

22.5 

254- 

None (blank) . 

4.45 


25-\- 

25+ 


TABLE 4 

Sunlight irradiation; 6 mg, of Flectol H per 10 ml, of benzene solution containing 0.0175 g. of 
goldenrod rubber; rubber solution C was least colored 


RUBBER 

REAGENT ADDED 

PRECIPITATION VALUE AFTER IRRADIATION FOR 

SOLUTIQN 


0 min. 

30 min. 

70 min. 

A. 

Flectol H (Sample 1) 

ml. 

4.60 

ml 

8.5 

ml. 

15.0 


Flectol H (Sample 2) 

4.50 

8.5 

14.0 


None (blank) 

4,60 

25+ 

25 + 

B. 

Flectol H (Sample 1) 

4.80 

9.2 

17.5 

i 

1 

Flectol H (Sample 2) 

4.90 

9.0 

15.0 


None (blank) 

4,80 

25+ 

25+ 

C. 

Flectol H (Sample 1) 

4.40 

6.00 

S.6 


Flectol H (Sample 2) 

4.50 

6.00 

8.5 


None (blank) 

4.85 

0,5 

10.2 


results obtained. Three stock solutions, A, B, and C, prepared from different 
pilot-plant benzene extracts, were so selected as to cover a range of degrees of 
pigmentation. Rubber solution A was slightly green; B, slightly yellow; and C, 
almost colorless. The results show definitely that the two samples of Flectol H 
behaved essentially the same; they also indicate that the apparent effectiveness 
of Flectol H as an inhibitor of the light reaction depends upon the amount of 
pigment left in the stock solution. In the case of rubber solution A, for example. 
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after 30 nnn. inadiation the Flect<4 H sample had reached a preoiintatioja value 
cmly 8.5 ml. when the value for the blank exceeded 25 iid. In the case of 
sdution C, on the other hand, when the value for the samide in tiie Flectol H 
had reached 8.5 ml., that for the blank had reached only 10.2 ml. Thus the 
Flectol H apparently acted more efficiently as an inhibitor in a colored solution 
than it did in a colorless solution. 


TABLE 6 


Sunlight irradiation; S mg. of reagent per 10 ml. of benzene solution containing 0X)17S g. of 
goldenrod rubber treated three times with carbon and practically dolorless; precipitation 
value of original solution » 4.45 ml. 


FlECimATXOM VALUS AHOSS XlURADXAnON FOX 


XEAOENT ADDED 



13 min. 

23 min. 

33 min. 

43 min. 


ml. 

ml. 

ml. 

ml. 

p-Aminophenol. 

4.40 

4.45 

4.50 

4.70 


4.60 

4.50 

4.50 

4.70 

None (blank) . 

4.60 

4.70 

4.90 

5.05 


4.50 

4.70 

4.90 

5.10 

P.C.P. No. 5.. 

4.55 

4.80 

4.96 

5.05 


4.55 

4.85 

4.95 

6.05 

Stabilite Alba. 

4.70 

4.80 

5.10 

5.20 


4.60 

4.70 

5.20 

5.30 

Methyl umbelliferone. 

4.65 

4.85 

6.00 

6.20 


4.65 

4.85 

5.06 

i 5.25 

JZF. 

4.70 

4.90 

6.20 

6.30 


4.70 

4.90 

5.20 

5.30 

Agerite Resin D. 

6.00 

6.40 

6.70 

7.25 


4.80 


6.60 

7.35 

Flectol H (Sample 1). 

5.00 

6.95 

7.66 

8.30 


5.10 

5.80 

7.75 

8.35 

Phenyl>/3-naphthylamine. 

6.10 

6.60 

8.9 

11.0 

• 

6.00 

6.60 

8.9 

11.4 


A stock solution of goldenrod rubber that was practically colorless was then 
prepared. This was accomplished by three successive treatments, each with a 
fresh portion of Merckxs activated charcoal. The various reagents that had 
shown good antioxidant or inhibiting effects (tables 1, 2, and 3) were added to 
10-ml. portions of this solution, and the irradiation was carried out. A sample 
with phenyl-i9-naphthylamine was included. The results, given in table 5, 
bring out a number of interesting facts. 

Of the antioxidants tested, only p-aminophenol inhibited the light reaction. 
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P.C.P. No. 5, Stabilite Alba, and methylumbelliferone had little or no effect, 
and JZF, Agerite Resin D, and Flectol H (Sample 1) definitely activated the 
light reaction. Thus, by removal of the color from the rubber solution by suc¬ 
cessive treatments with activated charcoal the inhibiting effect of some of the 
antioxidants was nullified, and in some cases it was changed to an activating 
effect. This exhaustive charcoal treatment also made the goldenrod rubber 
solution itself, with no reagent added, much less sensitive to light than were 
the solutions used in the previous experiments. This is shown by the fact that a 
43-min. irradiation of the blank had increased its precipitation value to only 
6.10 ml. as compared, for example, to an increase to more than 25 ml. for the 
corresponding blank in table 3, indicating that the charcoal treatment removes 
some constituent, or constituents, that activate the light reaction. 

TABLE 6 


Irradiation of benzene solution containing 0,0175 g. of goldenrod rubber per 10 ml, with 

added reagents 


JKUBBEK STOCK 

BEACENTS ADDED PEE 10 UL. SOLUTION 

PEECIPITATION VALUE APTEE IMADUTION POE 

SOLUTION 

0 min. 

40 min. 

80 min. 



ml. 

ml. 

ml. 

D. 

None 

4.70 

5.20 

5.90 

D. 

5 mg. Flectol H 

4.75 

6.00 

9.1 

E.' 

0.035 mg, chlorophyll 

4.60 

25-h 

25-f 

E. 

0.035 mg. chlorophyll and 5 mg. 
Flectol H 

4.60 

9.2 

i 

25-f- 

F. 

0.14 mg. chlorophyll 

4.70 

25-h 

ppt 

F. 

0.14 mg. chlorophyll and 5 mg. Flec¬ 
tol H 

4.70 

25-f 

25-h 


It is (juite possible that the activating constituents in question are the pigments 
themselves. C'hlorophyll and carotenoids are present in appreciable quantities 
in goldenrod rubber obtained by benztme extraction of acetone-extracted golden¬ 
rod leaves, and these pigments can be completely removed by exhaustive treat¬ 
ment with activated charcoal (10). Chlorophyll is recognized as a catalyst in 
the photooxidation of such \ndely different substances as oleic acid (5, 7), ergos- 
terol (13), benzidine (8), and citronellal (G). It has already been shown that 
small quantities of chlorophyll speed up the light reaction in the case of hevea 
rubber (11). On exposure to sunlight for 20 min., for example, a hevea rubber 
solution in benzene retained its original precipitation value, 3.90 ml., while 
another portion of the same solution containing a trace of chlorophyll under the 
same conditions gave a precipitation value of 6.00 ml. 

A final experiment \va8 therefore made to determine whether the anomalous 
behavior of rubber antioxidants in the light reaction under consideration could 
be explained by the presence or absence of chlorophyll. A colorless solution of 
goldenrod rubber similar to that used to obtain the results sho\vn in table 5 was 
prepared by three treatments with activated charcoal. This solution was used 
to make up three different stock solutions, labelled D, E, and F. Stock solution 
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D was tbe original colorless solution; stock scdutitm E contained OJ03S mg. of 
cUorophyll per 10 ml. and was greenish yellow; and stock sdution F contained 
0.14 mg. of chlorophyll per 10 ml. and was green. Ten^milliliter aliquots of these 
three solutions, with and without 5 mg. of Flectol H added, were then irradiated 
as before and the changes in precipitation value determined. 

The results, shown in table 6, prove ( 1 ) that chlorophyll activates the li|^t 
reaction, ( 18 ) that if chlorophyll is present in small quantities Flectol H inhibits 
the li^t reaction, and (3) that if no chlorophyll is present Flectol H activates 
the light reaction. In all cases the chlorophyll was bleached by irradiation. 

When rubber stock solution F was irradiated for 80 min., a sli^t flocculent 
precipitate formed and further irradiation for 2 hr. caused the entire rubber 
sample- to separate out on the sides of the tube. This formation of insoluble 
rubber by continued irradiation of a solution has already been noted in the 
literature for hevea rubber (1, 3, 5, 12). 

discussion 

It is apparent from this investigation that the relative inhibiting effect of anti¬ 
oxidants as estimated by the method described is not a measure of the effective¬ 
ness of rubber antioxidants as used in the trade. p-Aminophenol acted as an 
inhibitor of the light reaction in all cases where it was tested; on the other hand, 
phenyl-/S-naphthylamine, which is known to be a good rubber antioxidant in the 
ordinary sense, behaved very definitely as an activator in all the experiments 
tried. 

It is interesting to note that Blake and Bruce (2) reported a similar anomaly. 
They found that “materials used commercially as antioxidants and which are 
used regularly in vulcanized rubber are active agents in accelerating the develop¬ 
ment of tackiness” (stickiness) when milled into hevea pale crepe rubber and 
irradiated. They also found that p-aminophenol and hydroquinone acted as 
inhibitors in this reaction. 

In general, the order of the antioxidants and other reagents tested is the same 
in all the tables. However, the relative position of the blank, which gives the 
demarcation between inhibitors and activators, rises in the list as the color in the 
stock solution decreases. 

It has been shown that an antioxidant such as Flectol H activates the lig^t 
reaction when the rubber solution is colorless and inhibits it when a small amoimt 
of chlorophyll is present. There should be some very small critical cmicentra- 
tion of chlorophyll where Flectol H would have no effect. At this concentration 
the irradiated sample containing Flectol H should give the same precipitation 
value as the irradiated blank. That this critical concentration is slightly differ¬ 
ent for each antioxidant is indicated by the fact that the position of the blank 
in the series of antioxidants differs in the tables. 

SUMMARY 

The precipitation value has been used to investigate the li^t degradation 
of goldenrod rubber in benzene solution as affected by the presence of rubber 
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antioxidaDits aad other reagents. The results indicate: (a) that the reaction 
of sunli^t transmitted by Pyrex glass on a benzene solution of goldenrod rubber 
may involve the absorption of at least 9 per cent of its weight of oxygen, cor« 
responding to 0.4 atom of oxygen per isoprene unit; (b) that this reaction is 
activated or accelerated by some substance or substances present in the pilot- 
plant benzene extracts, but which can be removed by treatment with activated 
charcoal; (c) that these activating substances include chlorophyll; (d) that 
certain commercial rubber antioxidants may inhibit this light reaction if the 
rubber solution used contains a small amount of chlorophyll; (e) that these same 
antioxidants may, on the other hand, activate the light reaction if the rubber 
solution used is first exhaustively treated with activated charcoal until colorless; 
and (f) that the light reaction in question is brought about by wave lengths that 
pass through ordinary Pyrex glass but are held back for the most part by low- 
actinic red Pyrex glass. Of the antioxidants tested, p-aminophenol was the 
most effective in inhibiting the light reaction. Phenyl-|8-naphthylamme be¬ 
haved conastently as an activator. It is apparent that the inhibiting effect 
of antioxidants as estimated by this method is not a measure of the effectiveness 
of rubber antioxidants in the ordinary sense. 

The authors are indebted to Mary A. Sullivan for assisting in obtaining the 
results of table 6 and to C. L. Hoffpauir for making the combustion analyses 
cited. 
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It is generally accepted that natural rubber consists essentially of a mixture of 
homologous polymeric polyprenes differing widely in molecular weight. It was 
shown by Fol (3) in 1909 that the more readily soluble parts have a lower viscosity 
than have the more difficultly soluble parts. This difference in solubility has 
been used by a number of investigators in the past fifteen years as a basis for 
methods of separating rubber into a number of fractions of different ranges of 
molecular weights (1, 7, 9,10,11,12,13,14,15, 16, 17, 20). Intrinsic viscosity 
can be used as a measure of the molecular weight; the higher the intrinsic viscos¬ 
ity, the higher is the average molecular weight (4, 7, 19). 

The techniques of fractionation may be classified roughly as either dissolution 
(diffusion) methods, in which successive fractions are leached out of the rubber 
by different solvents or solvent mixtures, or precipitation methods, in which the 
successive fractions are precipitated from solution by increasing amounts of a 
non-solvent. Fractionation of rubber by these procedures does not result in a 
sharp separation of polymers of definite molecular weight; on the contrary, each 
fraction consists of a mixture of polymers over a wide range of molecular 
weights, as can be shown by its refractionation (5, 7, 8, 11,12, 13). 

In the course of the investigation of rubber obtained from goldenrod leaves 
{Solidago leavenworthii) on a pilot-plant scale by a two-stage extraction process, 
as part of the Emergency Rubber Project, fractionation was employed as a 
means of characterization and evaluation of the rubber obtained and also of 
comparing it with other natural rubbers. 

EXPERIMENTAL 

Procedure 

The method of fractionation employed in the present investigation is a slightly 
modified form of that ut^d by Johnson (6). In brief it involves the following 
steps: a sample of about 3 g. of rubber is partially freed from resins by standing 
in reagent-grade acetone in the dark for 18 to 24 hr. The acetone is decanted, 
and the rubber is dried in vacuo. Two grams of this sample is weighed into a 
tared 500-ml. glass-stoppered flask with 2 per cent of its weight of antioxidant 
(Flectol H); 200 ml. of reagent-grade benzene is added, and the flask is allowed 
to stand in the dark for from 4 to 12 hr., or until solution of the rubber is com- 

1 One of the laboratories of the Bureau of Agricultural and Industrial Chemistry, Agri¬ 
cultural Research Administration, United States Department of Agriculture. 
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plete. (In some cases it is necessary to clarify the solution as described in 
connection with the fractionation of other natural rubbers.) The solution is 
then brought to 25°C. in a constant-temperature bath, and successive definite 
quantities of methyl alcohol are added slowly with swirling to precipitate a small 
portion of the rubber. The temperature is raised until the turbidity disappears, 
and then the solution is allowed to stand in the 25°C. bath with gentle swirling 
while the gelatinous precipitate gradually forms. This precipitate is allowed to 
settle, and the supernatant liquid is then decanted, brought to 25®C. again, and 
treated^ with an additional portion of methyl alcohol, as before, to get a second 
precipitate. This procedure is continued until a total of about 200 ml. of alcohol 
has been added, after which no precipitate is formed on further addition. The 
time necessary for settling is short for the first precipitate, and it increases as the 
fractionation progresses. The last precipitate, which in the case of goldenrod is 
fluid, is allowed to settle overnight. The size of the fractions obtained depends 
upon the amount of methyl alcohol added and is influenced somewhat by the 
rates of precipitation, the amount of agitation, the time allowed for settling, and 
perhaps by other variables in the technique. 

Ea(h successive precipitate is dried in vaciio^ w^eighed, and redissolved in ben¬ 
zene to make a 0.2 to 0.4 per cent solution. The concentration of this solution 
is accurately determined by a total-solids determination on an aliquot. Its rela¬ 
tive viscosity is then measured at 25®C. by means of an Ostwald viscometer, as 
modified by Zeitfuchs (21), the technique of Craxton being used (2). The 
intrinsic viscosity of tlie fraction, rjiy is then calculated from the formula 

2.303 log rjr 
,, ---- 

where rjr is the relative viscosity (with respect to pure benzene), and c is the con¬ 
centration in grams per 1(X) ml. of solution. The higher the values of the in¬ 
trinsic viscosity, the higher is the average molecular weight of the sample. The 
successive volumes of meth}^ alcohol added to precipitate the various fractions 
depend on the type of rubber being fractionated and sometimes must be deter¬ 
mined by a preliminary experiment. The whole procedure, after the first precip¬ 
itation is begun, usually requires 2 days, and it must be carried out as rapidly and 
with as little exposure to light and oxygen as possible during the handling of the 
sample and of the separate fractions so as to avoid degradation. As the precip¬ 
itates probably contain only traces of antioxidant, they may be very sensitive 
to light and oxygen. The intrinsic viscosity is very susceptible to concentration 
error, and therefore the total solids of the solutions involved must be determined 
with accuracy. 

Typical data 

The results of experiment 1, for a sample of goldenrod rubber from Pilot 
Plant Run No. 17, are given in table 1. These are typical data obtained by the 
technique described. 
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Choice of fneSwd of gmphtccd repreeerMion 

As mentioned below, it has been found that these data can best be represented 
as a form of histogram. The intrinsic viscosity of each successive fraction 
precipitated is plotted as ordinate against the cumulative percentages precip¬ 
itated as abscissa. The histogram corresponding to table 1 is shown in figure 
1, experiment 1. 


TABLE 1 

Fracti<mation data for goldenrod rubber from Pilot Plant Run No. 17 
(All viscosities at 25^0.) 


yaeauostoL 

AXHDBO, 

CmilTLA- 

XlVl 

ntACTIOH 

NO. 

PBECIPI- 

TATED 

pisapi- 

TATED, 

CUMULA¬ 

TIVE 

9a 

nr 

COMCEN- 

TEATION 

ni 

Pi X VKACnON 
PBEaPITATXO 

ml. 


per cent 

per cent 



grams per 
100 ml. 



53 

1 

14.25 

14.25 

1.145 

1.883 

0.251 

2.522 

35.93 

57 

2 

17.98 

32.23 

0.865 

1.422 

0.330 

1.068 

19.20 

62 

3 

21.10 

53.33 

0.808 

1.329 

0.410 

0.694 

14.64 

70 

4 

15.24 

68.57 

0.698 

1.149 

0.277 

0.500 

7.62 

90 

5 

14.60 

83.17 

0.674 

1.108 

0.272 

0.379 

5.52 

135 

6 

5.40 

88.57 

0.646 

1.063 

0.188 

0.325 

1.76 

185 

7 

6.99 

95.56 

0.642 

1.056 

0.198 

0.274 

1.92 

Unprecipitated. 
Antioxidant add 
Accounted for.. 

...4.18 
0d. 

(99.74) 

2.00 





86.60 


97.74 


100(i7i of original sample) » 87.2. 


Area of histogram a measure of the average molecular weight 

It is already known that for rubber pol 3 mier mixtures intrinsic viscosity is 
an additive property and that therefore the intrinsic viscosity of a mixture is the 
weighted average of the intrinsic viscosities of the constituents (17). That this 
additivity of intrinsic viscosities is valid for mixtures of goldenrod rubber poly¬ 
mers was confirmed by measurements of the intrinsic viscosities of binary mix¬ 
tures of two fractions obtained from a fractionation. It thus follows that the 
total area under the histogram should be independent of the size and number of 
the individual fractions. That is, Sh<(per cent precipitated)], the sum of the 
values in the last column of table 1, should be equal to 100 times the intrinsic 
viscosity of the original sample. In the case of the fractionation data of table 
1, these two values, 86.6 and 87.2, are in excellent agreement. Since the in¬ 
trinsic viscosity is a function of the average molecular weight, it follows that 
the larger the area of the histogram the larger the average molecular weight of 
the rubber sample. 

The difference between the histogram area and the area calculated from the 
intrinsic viscosity of the original sample can be taken as a measure of the experi¬ 
mental error in a fractionation. One source of error in obtaining the area of the 
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histogram is the fact that the total amount precipitated does not add up exactly 
to the original sample weight. This is caused (1) by experimental error in esti¬ 
mating the weight of the fractions and (^) by the fact that all of the sample is not 
precipitated by an excess of the methyl alcohol, as shown by the unprecipitated 
fraction of 4.18 per cent in table 1. The first of these errors usually amounts to 
less than 2 per cent and may be positive or negative. The second source of error 
varies with the sample. The small portion unprecipitated would, if it could be 
isolated, have a lower intrinsic viscosity than fraction 7, and therefore the area 
involved in this error, the product (rti X per cent precipitated), would usually 
be very small. This error would always be negative. The combined effect 
of both these errors would thus be expected to favor a slightly low value for the 
experimental area. 

Differences between the histogram areas for duplicate fractionations indicate 
the reproducibility of the fractionation data. 

RESULTS AND DISCUSSION 

Experimental results obtained by the fractionation of a number of rubber 
samples are summarized in table 2, and they are represented graphically for some 
typical samples in figure 1. Column 3 of table 2 lists the areas of the histograms. 
The values in column 4 were obtained by multiplying the intrinsic viscosities of 
the original samples by 100, and the deviations from these calculated values are 
given in column 5. 

Table 3 shows the differences between the histogram areas for duplicate experi¬ 
ments on a number of rubber samples. 

The shape of the histogram 

In general, the histogram is a stepwise curve descending from left to right. 
Experiments 13 and 14 in figure 1 are typical duplicate histograms for a golden- 
rod rubber sample. In this case the determinations were run under identical 
conditions with the same volumes of methyl alcohol added for corresponding 
fractions. Experiments 15 and 16 in figure 1, on the other hand, show the 
histograms for duplicate samples where the sizes of the corresponding fractions 
were varied by using different amounts of methyl alcohol in their precipitation. 
As would be expected, the first step of the histogram is higher when the first 
fraction is small. Although the histograms for experiments 15 and 16 are quite 
different, their areas are essentially the same, 60.1 and 59.6, respectively (see 
table 2). This further corroborates the general applicability of the additivity 
of intrinsic viscosity. 


Removal of resins 

Experiments were made to determine whether it is neccssaiy to remove the 
resins from the goldenrod rubber by soaking with acetone for 18 to 24 hr. in 
preparing the sample for fractionation. Duplicate runs were made on goldenrod 
rubber PP32 (resin content 15 per cent) in which the sample was prepared for 
fractionation (a) by the usual procedure as above (experiments 9 and 10); (&) 
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by acetone precipitation (experiments >11 and 12); and (c) by onutring tbe re¬ 
moval of resins and taking enough sample to ^ve 2 g. of rubber, excluding resini, 
calculated cm the basis of the rerin content previously determined by anids^ 
(experiments 13 and 14). The areas of the histograms obtained are shown in 



table 2. The areas for the acetone-precipitated sample, 65.2 and 63.8, as com¬ 
pared to the acetone-soaked sample, 59.9 and 62.2, indicate that precipitation 
of the goldenrod rubber from the benzene extract with an excess of acetone re¬ 
sults in a slightly larger histogram area. On the other hand, the areas for the 
sample in which removal of resins was omitted, 62.7 and 61.8, are the same, 












TABLE 2 


Summary of fractionation data for goldenrod and other natural rubber samples 


EXPEKlIfENT 

NO. 

SAICPUB 

AESA. j 

(expeki- 

MENTAL) 

AEEA 

(calcu¬ 

lated) 

a AREA 

1*. 

Goldenrod PP17t 

86.6 

87.2 

-0.6 

2. 

Goldenrod PP18 

71.8 

73.7 

-1.9 

3. 

Goldenrod PPe 

69.0 

67.2 

+ 1.8 

4. 

Goldenrod PPc 

68.8 

67.3 

+1.5 

6. 

Goldenrod PP26 

68.8 

68.8 

0.0 

6. 

Goldenrod PPd 

64.1 

71.5 

-7.4 

7. 

Gpldenrod PP29 

62.6 

63.6 

-1.0 

8. 

Goldenrod PPb 

62.6 

62.1 

+0.4 

9. 

Goldenrod PP32 

59.9 

63.6 

-3.7 

10. 

Goldenrod PP32 

62.2 

63.6 

-1.4 

11. 

Goldenrod PP32t 

65.2 

63.6 

+1.6 

12. 

Goldenrod PP32i 

63.8 

63.6 

+0.2 

IS*. 

Goldenrod PP32§ 

62.7 

63.6 

-0.9 

14*. 

Goldenrod PP32§ 

61.8 

63.6 

-1.8 

16*. 

Goldenrod PPa 

60.1 

59.4 

+0.7 

16*. 

Goldenrod PPa 

59.6 

59.4 

+0.2 

17. 

Goldenrod PP28 

53.0 

55.5 

-3.0 

18. 

Goldenrod PP21f 

34.6 

37.3 

-2.7 

19*. 

Goldenrod PP21I 

30.6 

37.3 

-6.7 

20*. 

Goldenrod PP4l| 

44.7 

(58.4) 


21*. 

Goldenrod PP4|j 

44.7 



22*. 

Goldenrod PP32 

62.2 

63.6 

-1.4 

23*. 

20% hevea smoked 8heet-80% goldenrod PP32 

198.5 


+27.5 

24*. 

Hevea smoked sheet 

626.2 

600 

+26.2 

26*. 

Hevea crepe 

199.3 

205 

-5.3 

26. 

Hevea crepe 

213.3 

205 

+8.3 

27*,. .. 

Hevea smoked sheet masticated 

104.5 

102.5 

+2.0 

28*. 

Castilla 

550.7 

565.0 

-14.3 

29*. 

Guayule (Sample 1) 

199.1 



30. 

Guayule (Sample 2) 

126.8 

120 

+6.8 

31*. 

Kok-saghyz 

j 166.3 

171.5 

-5.2 


* Represented graphically in figure 1. 
t Sample hard and almost non-sticky, 
t Acetone-precipitated sample. 

§ Resins not removed. 

If Sample very soft and sticky. 

II Fractionated by dissolution method. 


TABLE 3 

Reproducibility of histogram areas 


XXPEEIMENT NO. 

AREAS 

ZIi 7 ,'(per cent precipitated)] 

DIFPEXENCE 

A 

DIFFERENCE 

9, 10. 

59.9, 62.2 

2.3 

per cent 

3.7 

11, 12. 

65.2, 63.8 

1.4 

2.2 

13, 14. 

62.7, 61.8 

0.9 

1.4 

15, 16. 

60.1, 59.6 

0.5 

0.8 

18, 19. 

34.6, 30.6 

4.0 

12.2 

25, 26. 

199.3, 213.3 

14.0 

6.8 
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'witMn the probable experimental error, as those for the samples prepared by 
extracting -with acetone. It can be concluded, therefore, that if the resin content 
of the golden rod rubber sample is known, the fractionation may be carried out 
without removal of the rerins. In the experiments reported in table 2, however, 
unless otherwise indicated, the resins were first removed by standing in acetone 
for 18 to 24 hr. 

Comparison of piloUplant goldmrod rubber samplea 

The various samples of goldenrod rubber obtained from the pilot plant have 
been arranged in table 2 roughly in the decreasing order of the magnitude of 
their histograms (experiments 1 to 19)'. Most of these areas fall between 60 and 
70. Excluding PP17 (experiment 1) and PP2 (experiments 18 and 19), which 
are exceptional samples, the average area found for goldenrod rubber in these 
and other experiments made in connection with this investigation is about 63. 
The average for goldenrod rubber PP2 (32.4) indicates a much lower average 
molecular weight than usual. This sample resulted from the extraction of 
“goldenrod leaves from dead and field-dried stems” and was very much degraded, 
judging from the fact that it was very sticky and semi-liquid. On the other 
hand, the large area (87.2) foimd for goldenrod rubber PP17 showed that it had 
an abnormally high average molecular weight. In fact, this was in a sense a 
partially fractionated rubber, since the acetone used for the initial extraction of 
resins from the leaves contained some 20 per cent of benzene, and it had been 
shown in previous experiments that a mixture of acetone and benzene will extract 
some of the lower molecular fractions from the rubber, leaving behind a rubber of 
higher average molecular weight. This fact is also discussed in connection with 
experiments 20 and 21. Goldenrod rubber PP17 obviously had more body 
and practically no stickiness. 

Comparison of hevea rubber samples 

A comparison of the areas for experiments 22,23,24,25, and 27 in table 2 and 
an inspection of the corresponding histograms in figure 1 indicate a marked 
difference between the various hevea samples and afford an interesting com¬ 
parison with goldenrod rubber. The histogram for hevea smoked sheet, experi¬ 
ment 24, shows that hevea rubber in this form has the highest average molecular 
weight (area = 626). The duplicate histograms for the sample of crepe rubber 
investigated, experiments 25 and 26, indicate that hevea in this form has a 
much lower average molecular weight, as shown by the average area, 206, than 
hevea in the form of smoked sheet. The figure for experiment 27, with an area 
of 104.5, shows the extent to which the hevea smoked sheet was broken down by 
mastication. It was estimated that this sample had been masticated roughly 
to the extent necessary for conipoimding. This histogram differs from the 
others obtained in the present investigation by being nearly horizontal, thus 
indicating that the sample was made up for the most part of rubber of approxi¬ 
mately uniform molecular weight. 

Experiment 23, figure 1, is the histogram of a binary mixture of 20 per cent 
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hevea Eonoked sheet (experiment 24) and 80 per cent of goldenrod rubber PP32 
(experiment 22) made by mixing appropriate volumes of benzene solutions of 
these two samples of rubber. The histograms obtained in all three of these 
experiments are plotted together on the same coordinates in figure 1 for com¬ 
parison. The presence of hevea in the goldenrod rubber sample is apparent by 
inspection. 

It is interesting to note that since intrinsic viscosity is an additive property 
it is possible to estimate the percentage of hevea rubber in the hevea-goldenrod 
rubber mixture from the histogram ar^as. Thus, from the values given in table 
2 for the areas of histograms of the hevea and goldenrod rubber samples, 626.2 
and 62.2, respectively, and for the 20 per cent hevea mixture, 198.5, the following 
equation can be written: 

626.2 ^ -t- 62.2 ■ ■ = 198.5 

where x is the percentage of hevea in the mixture. Solution of this equation 
gives x = 24.1 per cent hevea rubber. 

Comparison of samples of various natural rubbers 

Several different varieties of natural rubber were subjected to the fractionation 
procedure. In order to make the benzene solutions, the samples extracted with 
acetone and dried in the usual way were allowed to stand in benzene for several 
days with occasional gentle swirling and then clarified. For clarification the 
solution was filtered through glass wool or cotton, or, if not too viscous, through 
filter paper. That this procedure is adequate to dissolve the high-molecular- 
weight polymers is e\’idenced by the results obtained for hevea smoked sheet 
(experiment 24) and castilla (experiment 28). The procedure also gives re¬ 
producible results. This is shown by the results for duplicate samples of hevea 
crepe (experiments 25 and 26 in table 2), and by the agreement between the 
experimental areas of the histograms and their areas calculated from the intrinsic 
viscosity of the original sample usually determined independently. 

The conclusions that can be drawn from these fractionation results are, how¬ 
ever, necessarily limited. In the first place, the history of the various specimens 
is unknown, and secondly, the samples were sometimes not completely soluble in 
benzene. Though the insoluble residue appeared to be foreign non-rubbery 
material, it may have consisted partially of rubber that had become insoluble 
owing to oxidation or some other transformation in the original sample. For 
this reason the results obtained and summarized in table 2, experiments 24 to 31, 
and plotted in figure 1 are for the particular specimens of rubber, and may be 
considered as only roughly representative of the variety of rubber. 

Weight distribution curves 

Differential weight distribution curves were plotted for the above fractionation 
data but were found less satisfactory and significant than the histograms in 
figure 1, because data for only seven fractions were available in each case. The 
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differential weight distribution curve is obtained by first plotting the integral 
weight distribution curve (cumulative per cent precipitated as ordinate against 
iii of the successive precipitates as abscissa) and then plotting the slope of this 
curve at various values of against these values of rji. A smooth integral 
weight distribution curve can be drawn accurately only if data for a large number 
of small fractions have been obtained. Errors in this plot are of course reflected 
in the differential weight distribution curve. This becomes particularly appar¬ 
ent in experiment 23, table 2 and figure 1, a case in which the complete integral 
weight distribution curve could be drawi^from the given data only arbitrarily. 
From the histogram areas, on the other hand, it was even possible to estimate the 
percentage of hevea present. 

Fractionation and the precipitation value 

The various fractions obtained in some of the above experiments were brought 
to the appropriate concentration in benzene and titrated with alcohol to deter- 

TABLE 4 

Precipitation values of successive fractions obtained in fractionation experiments 
m = intrinsic viscosity at 25®C.; P.V. = precipitation value at 26®C. in milliliters 

of alcohol 


rSACTION 

EXPEKIHRNT 14 

EXFESIMSNT 15 

EXPESIMENT 19 

EXPESIMENT 27 

Vi 

P.V. 

Vi 

P.V. 

Vi 

P.V. 

Vi 

P.V. 

1. 

1.860 

ml. 

4.20 

1.034 

ml. 

4.40 

0.713 

ml. 

4.90 

1.587 

ml. 

4.40 

2 .j 

1.052 

4.40 

0.512 

5.20 

0.540 

5.00 

1.136 



0.547 

4.60 

0.453 

5.85 

0.403 

5.25 

1.158 

4.40 

4. ! 

0.413 

5.15 

0.328 

6.70 

0.326 

5.65 

1.010 

4.45 

5. 

0.334 

5.70 

0.286 

7.45 

0.304 

6.25 

0.880 

4.50 

6 . 

0.256 

6.35 

0.274 

8.00 

0.292 

6.65 

0.806 

4.60 

7. 

0.244 

6.95 

0.215 

9.80 



0.483 


Original sample.. 

0.636 

4.50 

0.594 

4.50 

0.373 

5.30 

1.025 



mine their precipitation values at 25°C. (18); i.e., the number of milliliters of 
absolute ethyl alcohol necessary to produce a cloud point in 10 ml. of a clarified 
benzene solution containing 0.0175 g. of rubber sample. Typical results are 
listed in table 4, which gives the intrinsic viscosities and precipitation values 
of the separate fractions obtained in experiments 14, 15, 19, and 27, thus cor¬ 
responding to the successive steps in these histograms in figure 1. 

It is evident that the precipitation value is always lowest for the first fraction 
and that it increases, while the intrinsic viscosity decreases with each successive 
fraction; thus, for experiment 14 it increases from 4.20 to 6.95 ml. from fraction 
1 to fraction 7. 

The first fraction usually has a lower precipitation value than that of the 
original sample, and the difference is more marked if the first fraction is small. 
For example, in experiments 14 and 15 the precipitation values of the original 
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goldenrod rubber samples were identical, 4.50 ml. As can be seen by referring 
to figum 1, the first fraction in experiment 15 was very large (37.7 per cent); 
still it had a precipitation value of 4.40 ml., which was lower than that of the 
original sample. The first fraction in experiment 14, on the other hand, was 
relatively small (10.3 per cent), and it had a much lower precipitation value, 
4*20 ml. The second fraction (17.0 per cent) had a precipitation value of 4.40 
ml., which was also loAver than that of the original sample. These differences 
are significant; Avith the fact that the precipitation value increases rapidly for 
successive fractions, they indicate that the fractionation-by-precipitation tech¬ 
nique used is fairly efficient for goldenrod rubber. Since the presence of only a 
small amount of a higher polymer is effective in lowering the precipitation value 
(18), it can be concluded that very little of the high-polymer portion of the sample 
is included in the later fractions. 

Fractionation by dissolution 

Some of the first fractionations of rubber performed in this laborator>’^ were 
by the so-called dissolution method with mixed solvents, essentially as described 
by Bloomfield and Farmer (1). This method is probably not so reliable as the 
})recipitation method, since considerable degiadation may take place before the 
fractions are separated and characterized. For example, it involves long periods 
of standing under solvents, evaporation of quantities of solvent, and considerable 
handling of the separate fractions before they can be evaluated, (complete 
fractionation takes 2 to 3 weeks as compared to 2 or 3 days by the precipitation 
method. 

For* comparison the I’esults of two fractionations of a sample of goldenrod 
laibber by the dissolution method are given graphically in figure 1, experiments 
20 and 21. 

Briefly the procedure for experiment 20 was as follows: A 20-g. goldenrod 
rubber sample was weighed into a stoppered 5-liter Erlenineyer flask. It was 
covered with 1 liter of a mixture of 97 per cent acetone-3 per cent benzene and 
allowed to stand at 25%\ in the dark under an atmosphere of nitrogen, being 
gently swirled twice daily. After 48-72 hr. an equilibrium seemed to be reached, 
as shown by occasional total-solids detenninations on 10-ml. aliquots. The 
solvent was then decanted carefully, and the residue was ueextracted in the same 
way with 1 liter of a mixture of 95 per cent acetone and 5 per cent benzene. 
Each successive extraction was with a solvent mixture richer in benzene (3, 5,10, 
20, 25, 30, 35, 40, 50, and GO i)er cent, respectively). When a mixture of 40 
per cent acetone and GO per cent benzene was finally used, no undissolved material 
remained. 

The 'N^arious decanted solutions wei*e evapoi'ated to dryness in an atmosphere 
of nitrogen, pi*ecautions being taken against undue exposure to light. Each 
residue or fraction so obtained w^as dried in vacuo, weighed, and redissolved in 
benzene to determine its intrinsic viscosity. 

A similar extraction using acetone and petroleum ether (boiling point, 
36-60®C.) mixtures is designated as experiment 21. 

The results of experiments 20 and 21 have been plotted in figure 1. In the 
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case of fractionation by dissolution the first, more soluble, fractions contain the 
‘'oxide^* portion and the polymers of lower molecular weight. Thus, in this case, 
the intrinsic viscosities of the first fractions are very low (less than 0.1) and for 
successive fractions are hig^r and higher. The precipitation values of the 
first two fractions in these two experiments were greater than 26 ml., which was 
additional proof of the absence of appreciable amounts of high*moleoular^weight 
constituents in these fractions. 

As shown in table 2, the areas of the histograms for experiments 20 and 21, 
plotted in figure 1, are identical (44.7). They are, however, much lower than 
the area (58.4) obtained for this sample by a preliminary form of the technique 
for fractionation by precipitation. This large difference in area indicates that 
considerable degradation of the sample had occurred during the fractionation 
by the dissolution method. 


SUMMARY 

A method for fractionation of rubber by successive precipitations from a 
benzene solution has been investigated and applied to various samples of golden- 
rod and other varieties of natural rubbers. The size of each successive fraction 
and its intrinsic viscoaty are determined. These factors give an indication of 
the weight distribution. The data can best be presented in the form of a histo¬ 
gram, the shape of which depends upon the number and size of the fractions, but 
which for the natural rubbers investigated is always a series of descending steps. 
The area of each histogram, however, is independent of the number and size of 
the fractions and is characteristic of the particular sample of rubber. The 
higher the average molecular weight, the larger is the area. This area is shown 
to be 100 times the intrinsic viscosity of the original sample. It might therefore 
be concluded that as a control method, or for the evaluation of different samples 
of goldenrod rubber, fractionation has no advantage over the relatively simple 
determination of the intrinsic viscosity of the original sample, unless the infor¬ 
mation revealed by distribution of the components of variable viscosity warrants 
the considerable amount of work involved in obtaining the results. 

Comparison has been made of the histogram areas obtained for (1) various 
samples of goldenrod rubber from pilot-plant runs, (^) various hevea rubber 
samples, and (S) specimens of various other natural rubbers. 

Evidence is given to show that histogram areas obtained from fractionation 
data can be used to estimate the percentage of hevea rubber in hevea-goldenrod 
rubber mixtures. 

Fractionations by the dissolution method were found to be less satisfactory, 
owing perhaps to degradation of the sample. 

Acknowledgment is made to the commercial firms and other agencies and also 
to the members of this laboratory for supplying the various rubber samples and 
antioxidants used in this investigation. 
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This paper presents the results of a study of the transitions occurring in dry 
and hydrous sodium stearate (2.5 per cent water), based on dilatometric, micro¬ 
scopic, and calorimetric measurements. The work is of importance with respect 
to the question of how many modifications of soap can be realized at room tem¬ 
perature, the conditions for preparing each form, and the reversibility of the 
various transitions. 

The results, together with previous work, lead to the transformation scheme 
shown below. Pull lines indicate thermal transitions at the temperature given. 
Dotted lines indicate that one form is convertible to the other in various ways, 
to be discussed later in the paper. All are properly referred to as forms or 
modifications of soap, irrespective of whether they are true polymorphs (differ¬ 
ent molecular arrangements of the same composition), distinct phases in the 
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soap-water system or even, as is probably true of beta and lambda, 
tions dijffering from each other merely by a transition of the second kind. 



ALPHA 

(Ci7H,6C00Na.iH20) 

The nomenclature of soap phases is rather confused, owing to the recent in¬ 
dependent developments in several laboratories. The ‘‘high-temperature curd"' 
of earlier work (14) is now referred to as “supercurd*^ in accord with the sug¬ 
gestion of McBain and Lee (7). “Beta” was first used by Thiessen and co¬ 
workers (12) to describe the form resulting from heating the alpha phase of a 
single pure soap to its transition temperature. The same symbol has also been 
used to describe crystalline soap forms at room temperature obtained in various 
other ways (spontaneous fiber growth (6), slow cooling of soap boilerneat soap 
(4), grinding (2), and room-temperature dehydration of alpha). Some or all 
of these may be very different from the “beta” formed by heating “alpha”. 
The author has suggested (15) the use of the term Thiessen^s beta or simply 
beta alone to refer to the nearly anhydrous phase formed on heating alpha, and 
hydrous beta for the phase formed by cooling soap boiler’s neat soap. Mills 
(10) independently described an “omega” form which has been shown to be iden¬ 
tical with gamma. Although Feiguson (4) prefers to retain the term “omega”, 
it seems more useful to conform to the original designation of McBain and de 
Bretteville (3). Ferguson (5) has also described a “delta” phase of unknown 
hydration. Finally, we find it necessary to introduce the term “lambda”, 
since the form produced by cooling supercurd is not always gamma. 

EXPERIMENTAL METHODS AND MATERIALS 

Since it is relatively difficult to prepare perfectly pure stearic acid, most 
work on sodium stearate systems has been done with slightly impure prepara¬ 
tions. It is consequently a result of some importance that the number of transi¬ 
tions, their reversibility, and to some extent their temperatures are not critically 
dependent on the purity of the stearic acid, provided a fairly pure preparation is 
used, or on the precision of its neutralization. 

This is shown by the results in table 1, giving the values obtained for the transi¬ 
tion temperatures of five independent preparations of anhydrous sodium stearate, 
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fill of which had boon pnwiously melted (in sealed j»;lass (containers) and (cooled 
slowly. Sample A is neuti*al. Sample I-b, in addition to being made from an 


TAHLK J 

Transition ternperatares of various anhiplrous sodium slraratvs 


SAMPCI* 

NO. 

SfUIRCK Ot Arm 

lODlNI* 

NUM- 
BLR <IF 
ACID 

FQCI\ \ 
LKNT 
W? ir.HT 
OF 

ACID 

MILI- 

INO 

POINI 

OK 

A< ID 

A 

Kahlbaum’s best 


284 3 

"C 

60 

I-b. 

Pkistman Kodak best 

2 3 

285 2 

68 0 

n 

L. L Lyon^ 

0.1 

282 5 

68 5 

Ill 

L. L. Lyon* 

0 1 

282.5 

68 5 

1 

TV 

L. L. Lyon* 

1 

0 ] 

282.5 

1 

68 5 ! 

1 

K 

I'histmaii Kodak Practical 

2.0 

i 

284.3 

1 

1 63-66 

i ! 


SOAl* PRPPARATTOX 


NcuiralizfMj in 05'^v alcohol; dried 
at 10r)'^C\ 

Neutralized; recrystallized from 
7r/)o aqueous alcohol 

4% e\(*ess NaOH added; sriap 
then recrystallized from S5% 
aejueous alcohol 

Sam(‘ as 11, except exactly neu¬ 
tral 

Xeutrahzed, reicrystalhzed from 
S5r,', aipieous alcohol with a 
trace of urea 

Neutralized in {W'( alcohol, dried 
at 


Tra fisitton ternperat urv (colon metric) f 


TRANSiriON 

P'ormation of supercurd 
Supercurd- subwaxy 
Subwaxy-waxy 
Superwaxy -subneat 
Subneat-neat 


j SXMPLl A 

SAMPLI 1 l> 

^\MPLi: 11 

SXMPLt IV 

j SASIPIL E 

80 

01 ! 

03 

04 

1 Present 

114 

116 i 

116 

i 08 

i 108 

134 

130 i 

132 

i 135 1 

120 

208 1 

204 ; 

200 

; 2()l ! 

200 

^ 23S _ J 

232 ' 

226 

. 235 

233 


* This acid was prepared from Sample 10 liy Mr. Luther L. Lyon of this laboratory by 
double recrystallization of the lead salts from alcohol and vacuum dist.dlation of the 
methyl ('sters. Later work has shown its low’ e(iuivalent weight, and ])resuinably also its 
low’ melting point, to be due to a small eoulent of residual methyl stearate*. Since this 
W’ould be saponified and the al<*ohol driven ofl during the ne'Utrali/ation of the stearic acid, 
the nxsulting soap w'ould be purer than indicated by the constants of this acid, 

t The w'axy superw axy transition has too small a !i(*at ettect to be obs(*rved in the calo¬ 
rimeter used. Sample K exhibited a small heat absorption at 1S()"(\, possibly due toils 
content of oleate. 


inferior acid, undoubtotily contains somt* free st(*aric acid, owing to liav ing been 
crystallized from an acpieous medium in the absen(*(' of exc(\ss alkali to repress 
hydiDlysis. Sample II is probably the closest to pure sodium stearate of the 
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I)rescnt preparations. Ramf)le IV, though from the same aeid, (contains some 
free stearic ac^id for tlie same reason given above, and also a trace of urea, which 
Thiessen (12) found useful in promoting the growth of alpha crystals. 

Experimental technique 

The general features of the dilatometric technique have already been de¬ 
scribed (13, 10). The sample is packed into a small glass tube which is then 
sealed to a (calibrated capillaiy and filbd with mercury by means of a three-way 
stopcock connecting the dilatometer alternatively with a vacuum line or a mer- 
(‘ury reservoir. Cmv was taken to avoid meehaniccal damage to the soap crystals, 



A B 


Fig. 1. Mec’hanical (lisintegration acicompanyiiiK the alpha-beta transition of sodium 
stearate. Plate a was taken at 25°, ])late b at 65°, of tlie same field of view, ((-rossed 
polaroids; 40 fold magnification.) 

heating the sami)le, or prolonged evacuation. Heating and cooling rates were 
uniformly 0.2-0.3°C\ i>er minute. 

Microscopic observations were made to determine^ the (xccurrerice or non¬ 
occurrence of the alpha-beta transition. Alpha sodium stearate forms well- 
defined crystals Avhosc external form is retained on drying, although the ability 
to transform to beta at 52°C. is thereby lost.. l"he transition is marked by violent 
mechanical disintegration of the cryshils, as is illustrated in figure 1. These 
photographs were taken between crossed polaroid plates at a magnification of 
40 X. The sample was placjed on a glass cover slip supported above a heating 
element of parallel wires. It was then observed while heating to a temperature 
(G2''C., determined by the melting of a reference crystal of palmitic acid) above 
the alpha-beta transition but below other transitions of sodium stearate. 

No apparent change in mi(!ros(^opic appearance at the transformation beta 
^ lambda was detectable with the same apparatus. 
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The caloriinetric procedure was essentially that previously described (14), 
The sample was filled into a pear-shaped cell having a thermocouple well as core 
of the pear) with due precautions to avoid grinding or powdering of the crystals, 
and heating of the sample in the sealing operation. This cell and a refeience 
cell containing inert material (Nujol) were heated in the same environment, and 
the temperature difference between them recorded accurately at intervals of 1 
or 2 min. by means of a thermocouple, type K2 potentiometer, and H. S. galva¬ 
nometer. 

In previous work good theimal contact was achieved between the sample and 
the wall of the thermocouple well by melting the sample against the glass, 
which it wets. This expedient was impossible in the present work, since certain 
of the transitions are not thermally reversible. The effect of having the sample 
present as a loose powder is to slow down heat transfer. This was found to be 
of insufficient magnitude to affect the results obtained for transition tempera¬ 
tures at the rate of heating employed {1.5®C. per minute), although the sizes of the 
peaks for each transition were larger than in pmmelted samples (i.e., the tem¬ 
perature of the sample fell further below that of the reference cell and remained 
lower longer for a given heat absorption because of the lowered transfer rate). 
Relative values of heats of transition can be obtained from the size of the peaks, 
however, even though the physical state of the sample makes any calculation 
of absolute values of doubtful validity. 

Before and after calorimetric experiments the samples were aluays cooled at 
the same rate to minimize the effect of possible difference in phase composition 
resulting from unequal degrees of reversal of certain transitions. The selected 
rate, that of natural cooling of the entire calorimeter in the laboratoi-}^ whoso 
temperature seldom varies 5°C., ranged from 10°C. per minute at 300%\ through 
6®C. per minute at 200°C. to 1°C. per minute below 100°C. A few samples weie 
cooled more rapidly than this without apparent effect on the traiivsition tem¬ 
peratures found on subsequent reheating. No differences were found between 
samples re-run immediately after cooling and those re-run after standing at 
room temperature for thiee months. 

Dry soap samples were prepared for this work by heating the loose powder 
to constant weight at 105°C. Aqueous samples were prepared by exposing 
samples crystallized from aqueous media in a desiccator for varying lengths of 
time. The water content was then determined by drying to constant weight at 
105°C. (16). 


RESULTS AND DISCUSSION 

Alpha —> beta sodium stearate 

Alpha sodium stearate \vas prepared by crystallization of the soap at room 
temperatuie from many solvents including alcohol, pyridine, 7?-amyl alcohol, 
and 1,4-dioxane, none being specially dried. Buerger, Smith, and coworkeis 
(2) report that it has the constitution CiTHssCOONa • JH 2 O. This composition 
requires 2.86 per cent water, whereas all the present samples had considerably 
less water and would thus be mixtures of alpha and one or more loss hydrous 
phases. Confirmatively, though all recognizable crystals had the alpha shape, 
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only a portion undenvent the alpha-beta teanation, as detenniaed by nticto- 
scFopG exaininati(ni. For the least hydrous sample, containing 0.75 per oent 
water, no microscopically visible trandtion occurred, showing that no alpha 
was present. 

The transition from alpha to beta occurring at 52°C. is not generally reversed 
on cooling, as is demonstrated by its failure to recur on second heating. These 
results are illustrated by the curves shown in figures 2 and 3. Dilatometric 
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Fig. 2. Dilatometric behavior of sodium stearate between room temperature and 100®C. 
Curve I, sodium stearate with 1.47 per cent water, first heating; curve II, the same sample 
after cooling from 67®C.; curve III, the same sample after cooling from 99®C. 


curve I of figure 2, obtained on first heating of crystalline sodium stearate, shows 
a small but definite break at 52®C. On second heating of this same sample 
(curve II), this break is absent. Similar results were obtained when these ex¬ 
periments were repeated on a fresh sample. Calorimetric curve I of figure 3, 
obtained on first heating of a preparation containing alpha sodium stearate, 
shows a laige peak due to the heat of decomposition of the hemihydrate. This 
peak is generally misang on reheating, as seen in curves II and III of this same 
figure. Similar results were obtained on five other crystalline preparations, 
only a sample containing 0.76 per cent water failing to show this .peak on first 
heating. It seems likely that this sample had undergone room-temperature de¬ 
hydration sufficient to convert it completdy to beta or some less hydrous form. 





Fig. 3. Calorimetric behavior of sodium stearate between room temperature and 100®C. 
Curve I: sodium stearate with 1.88 per cent water, containing some alpha form; first 
heating; transitions present are alpha~beta, genotypic, and lambda-supercurd. Curve 11: 
the same sample after heating to 167^C. and cooling; only transition present is to super- 
curd. Curve 111: the same sample dehydrated to 0.75 per cent moisture over phosphorus 
pentoxide at room temperature; first heating; transitions present arc genotypic and 
lambda-supercurd. 


TABLE 2 

Dilatomeiric data for figure ^ 


Weight of sodium stearate, 0.1582 g.; dilatometcr calibration, 1 mm. is 2.24 X 10“^ 
cc. ** 1.42 X 10”* cc. per gram of soap 


KUN MO. 1 

SUN NO. 2 

RUN NO. 3 

Temperature 

Reading 

Temperature 

Reading 

Temperature 

Reading 

•c. 

mm. 

“C. 

mm. 


mm 

36.0 

332.0 

23.5 

365.0 

26.0 

399.0 

39.0 

326.2 

27.2 

356.5 

29.0 

392.0 

41.1 

321.2 

35.2 

337.0 

33.5 

382.0 

45.5 

311.5 

38.0 

330.0 

38.0 

371.0 

47.0 

308.0 

40.2 

324.0 

44.5 

353.5 

48.0 

306.5 

43.5 

318.0 

47.5 

345.0 

49.0 

304.5 

46.0 

313.0 

48.6 

342.2 

50.0 

302.5 

49.0 

304.0 

52.2 

334.5 

51.5 

299.0 

50.0 

302.0 

54.5 

329.0 

54.0 

292.0 

51.5 

298.8 

57.0 

324.0 

56.5 

289.5 

53.0 

296.5 

58.7 

318.5 

57.0 

286.9 

54.0 

293.5 

65.0 

303.5 

58.0 

284.0 

55.0 

291.0 

67.0 

298.5 

59.0 

282.5 

57.0 

286.0 

70.0 

291.8 



60.0 

278.5 

72.0 

286.0 



63.2 

271.2 

73f0 

282.5 



67.0 

261.5 

76.5 

275.0 



69.0 

256.5 

80.5 

265.0 



71.5 

250.5 

83.0 

259.5 



73.0 

247.0 

85.8 

252.5 



75,0 

243.5 

87.0 

247.5 



77.5 

238.5 





79.0 

236.0 





83.5 

227.0 





88.0 

219.0 





89.5 

212.5 





98.6 

196.0 
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These observations are in accord with Thiessen’s (12) earlier oonclustcoi that 
the transition from alpha to beta is monotropic and with the x-ray work of Mc- 
Bain and coworkers (3), who found that after alpha had been heat^ above 54*’C. 
only beta was present in the cooled sample. l^centJy, however, Buerger oZ. 
(2) found that beta sodium stearate when heated in a sealed tube at 47°C. with a 
drop of water reverts to alpha. We find that beta will dissolve and alpha grow 
when both are in contact with the same saturated solution of sodiiim stearate in 



Fig. 4. Dependence of the heat effect at the alpha-beta transition upon water content of 
the sample. 

70 per cent ethyl alcohol and water at room temperature. In one isolated in¬ 
stance a small amount of alpha was re-formed in a calorimeter cell after heating 
above the temperature of the alpha-beta transition and cooling to room tem¬ 
perature. Thus it tippears that another variable, the relative humidity of the 
atmosphere, must be considered in connection with the reversibility of transi¬ 
tions amongst these hydrous soap phases. 

Also, according to Buerger (2), alpha is transformed to beta by grinding or 
dehydration at room temperature. Calorimetiic and dilatometric results con¬ 
firm the conclusion that alpha is destroyed by these treatments, although it 
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seems likely from x-ray results (11) that other phases than beta may also be 
formed. 

The heat of transformation at 52°C. of samples containing alpha varies with 
the water content of the sample and, in particular, extrapolates to zero at a 
water content of ca. 0.6 per cent. Data illustrating this point are shown in fig¬ 
ure 4. This result might be taken to indicate that the phase produced by room- 
temperature dehydration of alpha contains about 0.6 per cent water, w'hich is 
not far from the 0.74 per cent required for the compound CiTHasCOONa • iH20 
reported for beta by Buerger (2), using a xylene distillation method to determine 
water. However, neither observation suffices to prove that a true stoichio¬ 
metric hydrate of this composition is formed. 

The genotypic transition: beta lambda 

Thiessen (12) was the first to report the existence of a transition in soaps at 
or near the melting point of the corresponding fatty acids (hence the name ‘^geno¬ 
typic”)- According to our present evidence this transition seems to be of the 
second kind, i.e., finite discontinuities occur only in derivative properties. No 
change occurs in microscopic appearance. The cuive of volume versus tempera¬ 
ture shows only a change in slojie, as is seen at point B in curve II of figure 2. 
Likewise the curve of differential temperature versus time show’s a change in 
slope, but not a peak, as is seen in curves I and III of figure 3 at the points 
marked 70°C. and 69°(\, respectively. This effect, while not pronounced, is 
clearly identifiable by contrast with curve 11 obtained on a sample in which this 
transition did not occur. Above this temperature the heat capacity of the soap 
increases so that it heats more slowly in relation to the reference cell than it did 
below that temperature, at constant rate of heat input. 

Table 3 summarizes the rt^sults of calorimetric studies of this transition. All 
samples were made from Lyon’s stearic acid and the soap then recrystallized 
from aqueous alcohol (sec table 1) except those with 1.88 per cent water, which 
were from Eastman Kodak best-quality stearic acid. The samples were heated 
in sealed glass containers to the tempemtures shown in column 2 and tlien cooled 
slowly to room temperature before running in the calorimeter. C^olurnn 3 gives 
the phases probably present (judging from current literature and the knowi 
transition temperatures) at the maximum temperature, w’hile column 1 gives the 
wnter content. Colunm 4 gives the temperature of the genotypic point, if any, 
as determined calorimctrically. 

The temperature of the genotypic transition show^s no systematic vaiiation 
with water content. The transition is reversible, i.e., is found repeatedly on 
reheating the same sample, if the system has not been heated hot enough to 
form supercurd before cooling. In some cases it is reversible even after the 
sample has been heated above the lambda —> supercurd transition temperatui'e, 
particularly with samples containing less than 1.5 per cent w^ater. How’ever, it 
is generally not found on reheating samples w4iich have been heated Ijcyond the 
supercurd-sub waxy transition point. 

If the beta lambda change is reversible but is not show’n ])y some samples 
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heated into the supercurd phase, it foUoMm that the lambda —»supereurd transi¬ 
tion is not always reversible, gamma sometimes being formed when supereurd 
is coded. 

The appment dependence of the occurrence or non-occurrence of the genotypic 
transition <m the temperature to which the sample has been heated previoudy 


TABLE 3 

Calorimetric data far the genotypic iraneition 


0O¥POSXTXON 

XCAXnCUlC PXSVXOTTS 
TElfPEXATUlE 

PEASE AT MAXnCUlC PIBVIOVS 
TBlIPEEATtlS 

TEANSITXON TEVPEEA- 
TUXB 

iHighi ptf ctnt VMtUr 

«C. 


•c. 

*0.94 

35 

a and (or some other phase 
less hydrous than a) 

71 

1.47 

35 

a and (or some other phase 
less hydrous than a) 

76 

1.60 

35 

a and 0 (or some other phase 
less hydrous than a) 

76 

1.88? 

35 

a and (or some other phase 
less hydrous than a) 

70 

1.88 

35 

a and (or some other phase 
less hydrous than a) 

76 

0.76 

66 

|3 (or some other phase less 
hydrous than a) 

70 

0.75 

80 

X 

69 

0.94 

84 

X 

76 

0.76 

98 

Supereurd 

77 

0.75 

106 

Supereurd 

69? 

0.94 

101 

Supereurd 

80? 

1.47 

89 

Supereurd 

Absent 

1.47 

99 

Supereurd 

Absent 

1.88 

89.5 

Supereurd 

Absent 

0.75 

129 

Subwaxy 

Absent 

0.94 

127 

Subwaxy 

(70), 80? 

1.47 

124 

Subwaxy 

Absent 

0.75 

290 

Isotropic liquid 

Absent 

1.47 

290 

Isotropic liquid 

Absent 

1.50 

290 

Isotropic liquid 

Absent 

1.88 

290 

Isotropic liquid 

Absent 

1.88 

167 

Superwaxy 

73? 


strongly suggests that it is related in some way to the degree of hydration of the 
soap rather than necessarily being characteristic of the absolutely anhydrous 
materiaL This speculation is difficult to reconcile with the absence of a heat of 
transition, unless the change is attributed to a gradual loss of adsorbed water 
commencing at this temperature rather than to decomposition of a stoichio¬ 
metric hydrate. 
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The iraneition to supercurd: lambda (or gamma) ^ supercurd 

Any sample of reasonably pure sodium stearate will show a reversible transi¬ 
tion close to 90®C. On cooling, gamma is almost always formed, as shown by ihe 
subsequent non-occurrence of the genot3npic transition. It appears as a coin¬ 
cidence that both lambda and gamma transform to supercurd at nearly the same 
temperature (within a few degrees). 

Taking no cognizance of the genotypic point, Buerger and coworkers (2) 
report that beta transforms to gamma at 103®C. in an open but not in a closed 
system, basing their conclusion on x-ray diffraction patterns of cooled systems. 
A reinterpretation of these results is not that transformation does not occur in 
closed systems, where no loss of water can occur, but that it is reversible under 
these conditions. As seen in table 3, samples containing less than 1.5 per cent 
water re-form beta after cooling from temperatures around 103®C., since reheat¬ 
ing gives rise to the genotypic transition. Of course, in an open system at 103®C., 
water is lost and the supercurd present at 103®C. forms gamma on cooling to 
room temperature. 

The effect of water on the high-temperature transitions 

The effect of water on the high-temperature transitions (gamma or lambda 
Bupercurd and above) is given in table 4. Since three independent preparations 
of sodium stearate were used in this particular series of observations, the transi¬ 
tion temperatures of the anhydrous soaps are included for comparison. In 
using the table to ascertain the effect of progressive increase in the amount of 
water, only results on tlie same soap preparation should be compared directly, 
the conclusions from the three different series being in qualitative agreement. 

Typical differential temperature-time curves are shown in figure 5. Curve 
A is for anhydrous sodium stearate. There are five distinct peaks, each 
marking a transition at the point where sample and reference cell begin to heat 
at different rates owing to heat absorbed in the transition. The size of a peak is 
a rough measure of the heat of transition. Curve B is for a sample of sodium 
stearate containing 0.75 per cent water. The single peak of curve A at 225®C. 
here appears as two or perhaps three smaller peaks at (189°), 202°, and 225°C. 
The striking change, however, is in the first group of transitions. The change 
from gamma to supercurd occurs at nearly the same temperature as the water 
content increases but with a much smaller heat effect. The lowered heat of 
transition is paralleled by a decrease in the change of specific volume from 0.007 
cc. per gram for the anhydrous soap to 0.003 cc. per gram for a sample with 1.47 
per cent water. The change from supercurd to subwaxy is lowered in temjKjra- 
ture and very greatly in magnitude of heat effect. That from subwaxy to waxy 
is unchanged in temperature but has a greatly increased heat effect in the hy¬ 
drous system. 

Curve C, for a sample containing 1.47 per cent water, shows the same trends 
in the first three peaks but shows only one broad low peak in the region of forma¬ 
tion of neat or subneat soap. 



TABLE 4 

The effect of water on (Ae calorimetric trc^mition temperaturee of eodiunt etearate 


SOAP PXXPASAXIOK. . 

WEIGHT PEB CENT HK>. 

IV 

0.00 

IV 

0.7S 

rv 

1.47 

1 

It 

0.00 

lU* 

1.50 

I-b 

0.00 

X-b 

1.^ 

Gammansupereurd. 

94 

91 

96-99 

93 

95 

91 

93 

Supercurd'-subwaxy. 

118 

116 



104 

116 . 

107 

Subwaxy~waxy. 

135 , 

133 

135 


134 

139 

134 

Waxy-superwaxy t. 

— 

— 

— 

mm 

— 

— 

— 

Superwaxy-subneat. 

204 

202 

205 

209 

209 

204 

195 

Subneat^neat. t. 

235 

225 

, 


! 226 


232 



* Preparations II and III were both made from the same stearic acid, 
t In anhydrous soap this transition has too small a heat effect to be detected by the 
calorimetric method. Hydrous sjrstems usually show a small peak in this region of tem¬ 
perature but rather higher than would be expected for the superwaxy-waxy transition 
(184-193®C. vereue 167®C.) 



TIME 

Fio. 5. The effect of water on the thermal transitions of sodium stearate. The different 
curves have been somewhat transposed on the time axis. A, anhydrous sodium stearate; 
transitions marked at 94®, 118®, 135®,204®, and 235®C. B, sodium stearate with 0.75 per cent 
water; transitions marked at 91®, 116®, 133®, 189®?, 202®, and 225®C. C, sodium stearate 
with 1.47 per cent water; transitions marked at 99®, 109**, 135*, and 206®C. The heat of a 
transition is roughly proportional to the height and breadth of the corresponding peak. 
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The behavior at the gamma-supercurd transition is what one might expect of 
a eutectoid, in which case three phases coexist at a single temperature over a 
range of composition. The decrease in temperature and simultaneous decrease 
in apparent heat of transition of supercurd to subwaxy is in accord with the 
hypothesis that subwaxy soap is a phase of continuously varying composition 
projecting like a tongue into the phase diagram of sodium stearate and water 
(9). The constancy of the transition temperature from subwaxy to waxy soap 
with increasing moisture content is not explained by any of the published phase 
diagrams for sodium stearate-water (8, 9), although here again the inference is 
that three phases must be simultaneously present. 

Possibly some of the variations between results reported using different tech¬ 
niques to determine the phase diagram of soap and water are due to inadequate 
control of experimental conditions, particularly relative humidity and mechan¬ 
ical working (1, 5). 

SUMMARY 

A calorimetric method, supplemented by dilatometric and microscopic ob- 
serv’ations, has been used to study the transitions of anhydrous and slightly 
hydrous samples of sodium stearate. Alpha sodium stearate can be taken to be 
a hemihydrate and beta sodium stearate a less hydrous form but not necessarily 
a hydrate. Transition from alpha to beta occurs at 52°C. on heating and is 
usually not reversed on cooling. The genotypic point appears to be a transition 
of the second kind, occuning reversibly at about 71®C. The name lambda 
sodium stearate has been suggested for the form existing between 71° and 90°C., 
which Inverts to beta on cooling below 71°C. Ordinarily cooling supercurd 
below 90°C\ results in the fomation of gamma sodium stearate, particularly 
for samples containing more than 1.5 per cent water. The transition from super¬ 
curd to subwaxy apix‘ars to be entirely reversible and ahvays occurs regardless 
of the initial form of the soap at room temperature. The same is true of all 
the higher temperature transitions. 

The following facts are established which any correct phase diagmm of the 
system will have to explain: (1) The transition temperature from gamma to 
supercurd is independent of composition up to 1.9 ix>r cent water but its heat 
effect decreases. (^) Temperature and heat effect of the transition from super¬ 
curd to subwaxy both diminish with increasing water content. (3) The 
tempeiature of the transition from subwaxy to waxy sodium stearate remains 
constant independent of inc!rt»asing moistuiu content, but the heat effect incmases 
very markedly over the range from 0.0 to 2 per cent water. 

The author \vishes to thank Dr. Marjorie J. Void for her assistance in this 
work. 
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introduction 

Some time ago there was initiated in this laboratory an investigation of meth¬ 
ods for producing pectinic acids of low ester content from apple pomace for use 
in preparing calcium pectinate jellies of low sugar content (14). These pectinic 
acids were made by two methods—acid de^terification and enzyme deesterifica¬ 
tion. Acid de^terification requires treatment of pectinic acid of liigh ester 
content for 1 to 2 days at 40~50®C. at a pH less than 1, whereas enzyme de&- 
terification requires only a few minutes at 40®C. and pH 6. The economic 
advantages of the enzyme method are obvious. 

Unfortunately 65 per cent sugar jellies and 35 per cent sugar-calcium pectinate 
jellies prepared from enzyme-deesterified pectinic acids were not so strong as 
those prepared from acid-deesterified pectinic acids. This was true even for 
pectinic acid samples of the same ester content and viscosity (in water solutions) 
prepared by the above two methods. Table 1 and figure 1 illustrate this point. 

It was thought that if the factors governing the behavior of pectinic acids 
were determined, improved strength of enzyme-deesterified pectinate jellies 
could be obtained and the anomalies in the physicochemical behavior of pectinic 
acids could also be satisfactorily explained. Therefore, the following studies 

^ One of the laboratories of the Bureau of Agricultural and Industrial Chemistry, Agri¬ 
cultural Research Administration, United States Department of Agriculture. 
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have been made upon pectinic acids prepared by the two methods: acid behavior; 
kinetics of deSsterification; electrophoretic behavior; viscosity, molecular weight, 
and molecular-weight distribution; and properties of pectin jellies. 

The strength and other mechanical properties of pectinic acid jellies of high 
sugar content are very sensitive to the pH (1, 30) of the jelly and the degree of 

TABLE 1 


Strength of pectin jellies as a function of method of deisterification 


SAMPLE 

MZTBOD of 

DEZSTZIIFICATIOM 

ESTE* CONTENT 

JELLY 8TXSNOTH* 

65 per cent sugar 
jellies 

35 per cent sugar- 
calcium pectinate 
jellies 



per cent CHiO 

cm. 

cm. 

H69 

Acid 

4.63 ^ 

72 

56 

H74 

Enzyme 

4.48 

24 

4 


* The jelly strength, as measured by the Delaware jelly tester (39), is the number of 
centimeters of water pressure that a jelly can support without rupture. The maximum 
jelly strength (14) was obtained by varying the pH and calcium concentration. 



Fig. 1. Viscosity as a function of pH for 0.6 per cent pectinic acid solutions. (A) H-59, 
acid dSesterificd, CHjO « 4.53 per cent; (B) H-74, enzyme deesterified, CHsO « 4.48 per 
cent. 

dissociation (15) of the pectinic acid. Evidence has been obtained in this lab¬ 
oratory that the thi’ee-dimensional elastic structure of the jelly is built up through 
extensive hydrogen bonding between the sugar and pectinic acid molecules. 
Calcium pectinate gel structures are built up through a system of both hydrogen 
bonds and ionic bonds (1). The stability of these structures is a function of the 
ionic equilibria involved, as well as of the dissociation of the pectinic acid. 
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Viscosity, osmotic pressure, and soluldlity are ateo greatly inilueiioed by the 
acid behavior of the pectinic add. Furthermore, changes in the dectrolytic 
propertieB oS the carboxyl group in passing from the monomer to the polymer 
molecule are of fundammital interest in the general theory of the behaiHor of 
high polymers. For these reasons, a study of the add behavior of pectinic add 
vvas im<tertaken. 

Conatiiuiion of the pectinic acid molecuU^ 

In order to explain the behavior of pectin, it is necessary to have a clear under¬ 
standing of the constitution and structure of the pectinic acid molecule. Un¬ 
fortunately, the literature is not in entire agreement even upon this fundamental 
point (32), a state of affairs not imcommon in the realm of naturally occurring 
hi^ polymers. 

The pectinic add complex extracted from apple pomace consists of a long 
straight-chain skeleton of partially methyl-esterified polygalactunmic acid to 
which are attached side groups of araban (a branched-chain polyarabinose) and 
galactan (a straight-chain polygalactose) (2, 3, 17, 25, 26, 27, 34, 35, 38). Pre- 


(orCOOCH,) (orCOOCHg) 

H OH COOH H OH COOH 



COOH H OH COOH H OH 

(orCOOCHg) (orCOOCHg) 


Fig. 2. Backbone chain of the pectinic acid molecule 

viously proposed ring structures (9,28) have been abandoned in the light of con¬ 
clusive evidence (from x-ray (40), optical (40), viscosity (35), ultracentrifugal 
sedimentation (33), and osmotic pressure (36) studies) that the pectinic acid 
skeleton is essentially linear, resembling that of cellulose to a high degree. Data 
in the literature (29, 32) and data obtained in this laboratory show that i>ectinic 
acid is not homogeneous and that the methyl ester, araban, and galactan con¬ 
tents of a sample vaiy with the source, method of extraction, and subsequent 
treatment. The molecular weight ranges from relatively low values to approxi¬ 
mately 300,000 (25, 33, 34). The methyl ester, araban, and galactan contents 
range from approximately 0 to 11 per cent, 0 to 30 per cent, and 0 to 40 per cent, 
respectively. It has been suggested (18, 29,34,36) that the araban and galactan 
are attached to the main chain by purely physical forces (that is, secondary 
valence forces), instead of primary valence bonds. However, rate measurements 
to be reported in a later paper indicate that a substantial portion of this poly¬ 
saccharide material requires an activation energy of at least 18,000 cal. for its 
removal from the main chain. 

According to this conception of the pectinic acid molecule, figure 2 represents 
the main skeleton to which are attached, at undetermined points, the electro- 
lytically inert araban and galactan. 

* The nomenclature used here is that agreed upon by the American Chemical Society 
Committee for Revision of the Nomenclature of Pectic Substances (22). 
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EXPERIMENTAL 

Titration curves were obtained according to the method of Briggs (4). For 
exampli, approximately 1 g. of pectinic acid was dried to constant weight in a 
vacuum oven at 80°C. The sample was moistened with about 1 ml. of alcohol 
and made up to 100 ml. with water. Measured quantities of 0.01 N sodium 
hydroxide were added to 5-ml. portions of this solution and then diluted to 25 
ml. The pH of each solution was measured mth a Cambridge eleCtron-ray pH 
meter to =t0.006 pH unit. By this procedure the pH as a function of degree 
of neutralization was measured at constant pectinic acid concentration. The 
same procedure was used with carefully purified d-galacturonic acid. 

Preparation of add-deesterified pectinic adds 

A commercial 200-grade apple pectin was reprecipitated from water solution 
with alcohol several times and washed repeatedly with 70 per cent alcohol. 
A 6.75-kg. portion of the pressed alcohol precipitate was dissolved in 38 liters of 
distilled water. After the pectin had been stirred for 3 hr. and had completely 
dissolved, the \'olume of the solution was made up to 50 liters with distilled 
water. The temperature was adjusted to the desired point before the final 
adjustment to volume. Enough concentrated hydrochloric acid w^as added to 
the pectinic acid solution to make the mixture 0.872 A in hydrochloric acid. 
The mixture was then placed in a thermostat at 40°C., and deesterification wrs 
allowed to proceed for several days. Portions were removed from time to time, 
and pectinic acids of various degrees of de^terification were recovered in the 
following manner: 

About 2 volumes of 80 i^er cent alcohol was added to the reaction mixture, 
w^hich w'as then strongly stirred to break up the lumps of gel. To remove the 
ash-forming constituents, the alcohol was filtered off, and the piecipitate w'as 
w'ashed repeatedly with 80 per cent alcohol until the filtrate showed a negative 
test for chloride ion. The pectinic acid was then washed with absolute alcohol 
to facilitate dehydration. After the alcohol w^as pressed out, the pectinic acid 
was dried for 1 day at room temperature and then for 1 or 2 days at 60®C. in a 
mechanical convection oven. Finally, the dried pectinic acid was ground to 
pass a 40-mesh screen and analyzed for ash, carboxyl, and methyl ester content. 

Preparation of enzyme-deMerified pectinic add 

Enzyme deesterification was carried out on another portion of the same pressed 
alcohol precipitate from which the raw’ material for the acid deesterification had 
been taken. A 6.75-kg. portion of this precipitate was dissolved in distilled 
water, and the volume was made up to 57 liters. A separate 9-kg. portion of this 
solution was used for each of the enzyme deesterifications. The solution was 
placed in a thermostat maintained at 40%\ and w^as (*arefully adjusted to pH 6.0, 
after w^hich the enzyme catalyst (tomato pectase) was added. As the deesterifi¬ 
cation proceeded, 2 N sodium hydroxide w^as added slowly and with rapid stirring 
to maintain the pH at 6.0. When the desired degree of dcestcuification w^as 
attained, the reaction was stopped by immediately low’ering the pH to about 3.0, 
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thereby inactivating the enzyme. The pectase was then destroyed by heating 
the solution to 66°C. for 20 min,, after which the product was purified as above. 


Preparation of the enzyme catalyst 


The pectase enzyme was extracted from firm, ripe tomatoes. The tomatoes 
were ground to a pulp; sufficient alkali was added to adjust the pH to 6.0; and 
then the juice was expressed from the pulp. Suspended material and pigment 
were removed by decantation and filtration. The clear, yellow solution con¬ 
taining the pectase was then stored at 0°C. under a layer of xylene, added as a 
preservative. This pectase preparation could be stored under such conditions 
for several months, although its activity was always checked before use. 


Analysis of the pectinic add 

Ash was determined in the usual manner. The methoxyl content was deter¬ 
mined by a Zeisel procedure (6) upon samples of pectinic acid which had been 
treated with water vapor at low pressures to remove all adsorbed alcohol. This 
precaution is necessary to avoid erroneous results in the analysis for methoxyl 
content (13). 


Calculations 

iV, the total concentration of carboxyl groups in equivalents per liter, was 
determined from the titration curve of pH versm volume of base added at con¬ 
stant pectinic acid concentration. A pH of 7.5 was accepted as the point of 
equivalence, since complete titration curves have shown this to be the inflection 
point for concentrations used in this study. Theoretical considerations show 
that the point of true equivalence occurs at a pH somewhat higher than that 
of the inflection point, but the pH of this true equivalence point is a complicated 
function of N and of the dissociation constants, and the error in using the inflec¬ 
tion point is not large. 

(COO~), the concentration of dissociated carboxyl groups, was calculated from 
the relation 

(COO-) = (B+) + (H+) - (OH") 

in accordance with the requirement of electrical neutrality of the solution, (B*^) 
represents the concentration of base in equivalents per liter, corrected for the 
alkalinity of the ash associated with the pectinic acid. (H'^") and (OH") repre¬ 
sent the concentrations of hydrogen and hydroxyl ions, respectively, calculated 
from the measured pH values on the assumption that activity coefficients are 
unity. 

a, the degree of dissociation, was calculated as the ratio of (COO") to N. 

G, the titration constant, was calculated from its defining equation 

n _ (H^)« _ (H+)(COO-) 

1 - a N - (COO-) 

pG is defined as the negative logarithm of G, by analogy with pH. 


(1) 
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r, the ratio of the number of carboxyl groups in the system to the total number 
of galacturonide residues, was calculated from the relation: 

r « CQOH ^ N/c 

COOH + COOCHs N/c + CHsO/SlOO ^ ^ 

where c is the concentration of pectinic acid in grams per liter, CH 3 O is the 
methoxyl content as customarily expressed in per cent by weight of solid, and 
31 is the molecular weight of the CH 3 O residue. The ratio T is the significant 
quantity in comparing and characterizing pectinic acids of different ester con¬ 
tents and neutralization equivalents, because T is independent of extraneous 
materials, such as araban and galactan, which do not contribute directly to the 
electrolytic behavior but affect the ester content and neutralization equivalent 
calculated from the total weight of material. 

Accuracy 

Estimates of the probable accuracy of the calculated values reveal that the 
error in a is of the order of it 1 per cent and that the error in pG varies, with the 
degree of neutralization, from ± 0.02 pG unit for low values of a to ±0.05 at 
a = 0.9, and inci’eascs rapidly without limit as a increases from 0.9 to 1 . 0 . Hence, 
the conclusions we have drawn are based entirely on the region of a less than 0.9. 

The importance of errors inherent in the method of calculating pG seems to 
have been overlooked by most of the workers dealing with dissociation phenom¬ 
ena. It should be emphasized that the mathematical nature of the calculations 
cau.si's small, fixed errors to introduce spurious trends in G, which can be of 
serious magnitude for high values of a. and lead to erroneous conclusions about 
the nature of the dissociating system. It is therefore es.sential to eA^aluate these" 
errors. 


RESULTS 

Titration data have been obtained on a wide variety of different pectinic acids 
of various ester contents, both acid- and enzyme-deestcrified. Representative 
examples are given in tables 2, 3, 4, and 5 and in figure 3, which show' the varia¬ 
tion of pH with degree of neutralization. Table 3 and figure 4 give a typical 
example of the effect of concentration. For comparison, table 0 and figure 3 
also show- the behavior of d-galacturonic acid, which can be considered the mono¬ 
mer on wdiich the pectinic acid main chain is based. 

From these figures it is seen that the behavior of pectinic acid resembles 
qualitatively that of a monobasic acid, in that it has only a single buffer range. 
The resemblance is only superficial, however, as can be seen by comparison with 
the cuiwe for galacturonic acid in figure 3 and with the two theoretical curves in 
figure 4 calculated from the monobasic acid equation 

K = 

1 — a 


(3) 
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TABLE 2 

Titration, data for acid-deisterified pectinic acid 


Sample H91B; CH«0 content, 6.80 per cent; T » 0.56; ash content, 0.24 per cent; ash 
alkalinity, 0.034 milliequivalent per gram of pectinic acid. Concentration «■ 1.94 g. 
per liter; N — 6.19 X 10“* equivalents per liter; temperature — 27®C. 


a 

pH 

pG 

a 

pH 

pG 

0.233 

2.937 

3.455 

0.566 

4.116 


0.258 


3.522 

0.637 



0.289 

3.196 

3.587 


4.486 

4.098 

0.328 

3.359 

3.671 


4.941 

4.196 


3.532 

3.751 

0.935 

5.545 


0.435 

3.695 

3.808 

0.991 

6.596 

4.563 

0.'499 

3.879 

3.881 

0.995 

6.990 

4.657 




0.997 

7.220 

4.108 


TABLE 3 

Titration data for acid~deMerified pectinic acid 
Sample H91E: CHaO content »» 1.70 per cent; F « 0.90; ash content =« 0.53 per cent; 
ash alkalinity 0.064 milliequivalent per gram of pectinic acid 


pH 

pG 

a 

pH 


Concentration = 1.00 g. per liter; N =* 4.15 X lO”* equivalents per liter; 
temperature = 27 °C. 


0,204 

3.105 

3.695 

0.594 

4.571 

4.405 

0.237 

3.280 

3.787 

0.780 

5.145 

4.594 

0.282 

3.503 

3.909 

0.874 

5.523 

4.679 

0.342 

3.778 

4.063 

0.969 

6.411 

4.908 

0.419 

4.038 

4.180 

0.988 

6.980 

5.045 


Concentration = 2.00 g. per liter; iV =« 8.35 X 10~* equivalents per liter; 
temperature *= 27®C. 


0.172 

2.882 

3.563 

0.683 

4.613 

4.280 

0.212 

3.071 

3.641 

0.776 

4.899 

4.359 

0.259 

3.349 

3.806 

0.870 

5.310 

4.486 

0.328 

3.642 

3.955 

0.964 

6.188 

4.759 

0.411 

3.894 

4.052 

0.988 

6.951 

5.034 


Concentration » 4.00 g. per liter; N ** 16.82 X 10“* equivalents per liter; 
temperature = 27 ®C. 


0.164 

2.772 

3.481 

0.499 

3.932 

3.934 

0.186 

2.897 

3.538 

0.907 

5.221 

4.160 

0.215 

3.021 

3.584 

0.969 

6.351 

4.858 

0.247 

3.160 

3.643 





The behavior of pectinic acid more closely resembles that of citric acid, saccharic 
acid, and other polybasic acids whose buffet ranges are so close together that they 
overlap and produce only one composite buffer range, as illustrated in figure 5. 
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As shown in figure 4, an increase in concentration increases the degree of dis¬ 
sociation for a given value of pH. This is typical of the behavior which we have 
found for apple pectinic acids of high and low ester content, deesterified by 
either acid or enzyme treatment. The same effect has been observed by Hinton 
(16) for orange, currant, and strawberry pectinic acids, and also by Kem (21) for 
polyacrylic acid and Briggs (4) for arabic acid. In contrast, d-galacturonic acid, 

TABLE 4 

Titration data for emyme-deMerified pectinic acid 
Sample H91H; CHjO content = 4.48 per cent; r =» 0.67; ash content « 0.55 per cent; ash 
alkalinity « 0.089 milliequivalent per gram of pectinic acid. Concentration » 1.98 g. 
per liter; N 5.64 X 10"* equivalents per liter; temperature « 27®C. 


a 

pH 

pG 

a 

pH 

pG 

0.248 

3.085 

3.568 

0.953 

5.973 

4.664 

0.280 

3.221 

3.632 

0.989 

6.650 

4.710 

0.319 

3.376 

3.707 

0.994 

7.144 

4.901 

0.365 

3.555 

3.796 

0.996 1 

7.479 

5.110 

0.608 

4.298 

4.107 

0.997 

6.910 

4.364 

0.744 

4.690 

4.227 

0.999 

7.787 

4.939 

0.883 

5.269 

i 

4.391 





TABLE 5 

Titration data for enzyme-deMerifled pectinic acid 
Sample H91J: CH 3 O content = 2,04 percent; T = 0.86; ash content = 1.01 per cent; ash 
alkalinity = 0.184 milliequivalent per gram of pectinic acid. Concentration = 1.83 
g. per liter; N = 6.98 X 10 * equivalents per liter; temperature = 27®C. 


a 

pH 

pG 

a 

pH 

pG 

0.216 

3.111 

3.671 

0.569 

4.208 

4.178 

0.243 

3.250 

3.745 

0.619 

4.456 

4.235 

0.275 

3.409 

3 830 

0.682 

4.604 

4.274 

0.315 

3.585 

3.922 

0.736 

4.757 

4.311 

0.361 

3.741 

3.990 

0.840 

5.158 

4.408 

0.410 

3.881 

4.039 

0.906 

5.449 

4.467 

0.464 

4.013 

4.079 

0.962 

5.938 

4.536 

0.517 

4.159 

1 4.129 





like all monobasic acids, shows no change in a as concentration is changed at 
constant pH. 

The effect of ester content, as can be seen from figure 3, is to decrease the 
degme of dissociation with inci’easing F at a given concentration and pH. Unex¬ 
pectedly, bringing the carboxyls closer together in solution by increasing the 
concentration causes a to increase, whereas bringing the carboxyls closer to¬ 
gether by increasing the number of carboxyls per unit length of chain causes a 
to decrease. 

From measurements on a large number of pectinic acids with \videly different 
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molecular weights, we have found no detectable variation in acid behavior with 
changes in molecular weight. This is similar to the findings of Kem (21) for 
polyacrylic acid. 



0 02 0 4 06 0.6 10 

DEGREE OF DISSOCIATIOlyT («) 


Fig. 3. Titration curves of pectinic and galacturonic acids 
TABLE 6 

Titration data for d-galacturonic acid 

a-d*Galacturonic acid,recrystallized three times:ash content,0.161 per cent;ash alkalinity, 
0.018 milliequivalent per gram of acid; equilibrium rotation, [a]" « 61.7®*. Con¬ 
centration « 2.13 g. per liter; N =* 11.32 X 10“» equivalents per liter; 
temperature « 27®C. 


a 

pH 

pK 

a 

pH 

pK 

0.176 

2.749 

3.418 

0.431 

3.302 

3.423 

0.197 

2.798 

3.412 

0.596 

3.570 

3.400 

0.212 

2.864 

3.434 

0.927 

4.589 

3.486 

0.234 

2.919 

3.433 

0.982 

6.404 

3.653 

0.259 

2.969 

3.426 

0.996 

6.040 

3.630 

0.287 

3.014 

3.410 

1 




Average pK ^ 3.419 dbO.009 (K = 3.81 X 10”^) for the range 0 < a < 0.6 


* Compare this value with the following: 

lal? = 50.9® (F. Ehrlich and F. Schubert (10)) 

[a]? = 51.5® (W. W. Pigman (31)) 

[a]^ « 51.9® (H. S. Isbell and*H. L. Frush (19)) 

Also, from the data so far obtained, there seems to be no appreciable difference 
between pectinic acids demethylated to comparable values of T by acid treatment 
and by enzymes. Representative curves are shown in figure 3. 
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Fig. 4. Titration curves of pectinic acid H-91E at different concentrations, with two 
theoretical curves for monobasic acids with dissociation constants 1 23 X and 3.30 
X 10“ ^ 



Fig, 5. Titration curves of (A) citric acid at 0.031 equivalent per liter (data obtained in 
this laboratory), and (B) saccharic acid at 0.0485 equivalent per liter (data of Levene and 
Simms (23)).* 
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Titration constants calculated for the pectinic acids are shown in tables 2, 3, 
4, and 5 and in figure 6. The titration constants follow the same general trends 
as the pH, and the curves bear the same positions relative to one another as do 
the pH curves. This is further evidence that pectinic acid is not equivalent to a 
monobasic acid, since the titration constant would then be independent of a 
and of concentration. The sharp rise in pG for a greater than 0.9 is probably 
not real, since, as mentioned above, the errors and spurious trends become highly 
magnified in this region. 

The titration constant of d-galacturonic acid is independent of a and of concen¬ 
tration over the range studied, as shown in table 6 and figure 6. This mAn.na 



Fig. 6. Titration constants of pectinic and galacturonic acids 


that d-galacturonic acid follows the equation for a theoretical monobasic acid and 
that the titration constant can be identified with the dissociation constant K. 
pK for d-galacturonic acid as determined in this Avork is 3.42 d= 0.01 at 27°C. 
(K = 3.81 X lO"'*). Karrer and Schwarzenbach (20) found a pK value of 3.49 
at 23.6‘’C. Measurements were made to determine whether the pH of partially 
neutralised a-d-galacturonic acid solutions changed upon standing for periods 
of 1 min., 5 hr., and 34 hr. Although the specific rotation of the solu¬ 
tions changed, their pH remained constant. The pH of pectinic acid solutions 
also remained constant Avhen the solutions stood for similar periods. 

DISCUSSION 

Theories of polybasic acids have been worked out by Simma (37), Weber (42), 
von Muralt (41), Wyman (43), and Maxwell and Partington (24).. The basic 
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assumption in these theories is that all the polybasic molecules in the system are 
alike or at least can be divided into groups in each of which all the molecules are 
alike. Pectinic acid is, on the other hand, a case of exceeding complexity, with 
not only a variety of molecular weights but also an astronomical number of 
different distributions of the methyl ester groups along the chain. 

For a pectinic acid molecule having p galacturonide residues and n carboxyl 
groups, there are 

_p!_ (4) 

statistically possible structures, none of which are identical since the molecule 
is asymmetric. If the methyl groups are removed at random, all structures will 
be produced with approximately equal probability, and once the deesterification 
reaction has been stopped, the different structures will not be in dynamic equi¬ 
librium with each other but will remain fixed. For an average sample of pectinic 
acid, the number of structures calculated from equation 4 is many times the 
magnitude of Avogadro’s number, which makes it highly improbable that a given 
sample could contain two identical molecules or even a random sampling of dis¬ 
tributions. Therefore, each sample of pectinic acid must be considered a special 
case in itself, different from all other samples. In acid deesterification, the 
methyl groups are probably removed at random, and the above calculation 
applies. In enz>mie dcesterification, the methyl groups may not be removed 
entirely at random, and the different structures may not be produced with equal 
probability. However, the fact that the acid behaviors of acid- and enzyme- 
dcesterified pectinic acids are indistinguishable indicates that the difference in 
distribution of structures is not great or else does not involve the parts of the 
molecule affecting acid behavior. 

In order to apply standard statistical theories to a finite sample of a high¬ 
polymeric system like pectinic acid, it is therefore necessary to assume that the 
actual microscopic configuration of the molecules does not have much effect on 
the macroscopic properties and that the behavior of an individual group is sub¬ 
stantially affected only by the configuration and structure of groups wltliin a 
limited distance along the chain. In this case, the distribution of molecular 
weights can be replaced by an average molecular weight, and the distributions in 
p and n by an average p and an average n. With these assumptions, the theory 
of polybasic acids can be applied to pectin. 

The general dissociation theory is algebraically unworkable for substances 
having several hundred acid groups per molecule, because of the complexity of 
the equations involved. The special case of no interaction between carboxyl 
groups, in which all have the same microscopic dissociation constant, has been 
treated by Maxwell and Partington (24), who have shown that this leads to the 
following distribution in the Ki dissociation constants of an n-basic acid: 

j .. ± (i = 1,2,3, •• -.n) 


(5) 
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where Kt, is the intrinsic dissociation constant for the carboiiyl group. Simms 
(37), Weber (42), and von Muralt (41) showed that this particular distribution 
in dissociation constants gives an over-all acid behavior having a mni^e buffer 
range and a cmistant value of G that is identical with K^: 

1 — a 

Tables 2,3,4, and 5 and figure 6 show that for pectinic acid G is not a constant 
but ranges from 3.5 X 10“^ to 9.0 X 10“^, dependent on both concentration and 
degree of neutralization. Hence it is evident that the carboxyl groups in pec¬ 
tinic acid are not entirely free from mutual interaction. 

Empirically, we have found that the experimental points follow a straight line 
when plotted as pG verms log a or as pG versm \/(COO~), but the theoretical 
re asons fo r this behavior are not clear. Since log a is not a linear function of 
\/(COO’"), the behavior of pectin cannot follow both empirical relations exactly. 
However, the accuracy of our experimental data is not sufficient to permit a 
choice between the two. 

Linearity of pG versus log a means that the dissociation follows an equilibrium 
of the form 

ik = (6) 

where and k are constants throughout a given titration but vary with concen - 
tration, is always greater than unity. When pG is plotted against V (000”“), 
the points not only follow straight lines, but all of these lines extrapolate to the 
same intercept for zero dissociation, pGo = 2.7 0.1, as is shown in figure 7. 

The fact that pG depends more simply on V(COO“) than on (COO”’) suggests 
that the variation in pG might be due to changes in the ionic concentration, since 
the Debye-Hiickel theory (8) predicts that certain ionic atmosphere effects 
should be functions of the square root of the ionic concentration, rather than 
functions of the concentration itself. If pG depends only on the ionic atmos¬ 
phere, it should be possible to make pG constant throughout a titration by 
adding a sufficient amount of a strong electrolyte to make the ionic strength 
constant. Measurements on pectinic acid in the presence of sodium chloride 
revealed, however, that pG was always less than in the absence of excess electro¬ 
lyte. Since more added electrolyte would be required at low a^s than at high 
a^8 to make the ionic strength constant, it follows that a titration at constant 
ionic strength would show greater variation of pG throughout a titration, rather 
than making pG constant. He nce the ionic strength is not the controlling factor 
when pG is plotted against \/(COO“). _ 

The fact that all the plots of pG versus V(COO~) pass through the same inter¬ 
cept for zero dissociation suggests that the common value of Go = 2.0 X 
might perhaps be the fundamental dissociation constant for a single carboxyl 
group in a pectinic acid molecule when none of the nearby carboxyls has disso¬ 
ciated. That this is considerably higher than the dissociation constant for 
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* galacturonic acid is probably due to the proximity of many more polar groups 
in the environment of the dissociating carboxyl group in the pectinic acid than 
in the galacturonic acid. 

For comparison, figure 7 also contains the data of Briggs (4) f or arabi c acid, 
which like\vise gives a straight line when pG is plotted against V(COO“). It is 
significant that the plots for two different concentrations of arabic acid extrapo¬ 
late to the same intercept obtained for various pectinic acids at a == 0. Except 
for the orientation of the hydroxyls, glucuronic acid (the carboxyl-bearing 
group in arabic acid (6, 7, 12, 16)) is similar in structure to galacturonic acid. 
It is not surprising therefore that the dissociation constant for the first carboxyl 
of the arabic acid is equal to that of pectinic acid. 



Fig. 7. Titration constants of pectinic, arabic, and galacturonic acids, plotted as pCl 
t^ersus \/(COO’"T* 

Polyacrylic acid, when plotted similarly from the data of Kern (21), likewise 
follows a straight line whose intercept (pGo = 4.1, Go = 8 X 10“^) is not the same 
as for pectinic and arabic acids; this is to be expected, since the structure of poly¬ 
acrylic acid is entirely different from that of the polyuronic acids. Since poly¬ 
acrylic acid may contain head-to-head, head-to-tail, and tail-to-tail combina¬ 
tions of the monomer, short sections of the chain may resemble isobutyric acid 
(K = 1.1 X lO-*^) (21), succinic acid {Ki = 7.4 X 10“^) (11), glutaric acid (Ki = 
4.6 X 10~®) (11), and adipic acid {Ki = 3.9 X 10”®) (11), all of which have K's 
of the same order of magnitude as the extrapolated Go for polyacrylic acid. 

The basis of the interpretations used in these studies is that pectinic acid is a 
high-polymeric material. The properties of a high polymer can be divided into 
two classes: (J) those which depend on the fact that its molecular weight is high, 
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and (^) those which depend on the specific nature of the active groups on the 
monomer units. The tehavior of an active group on a high polymer may be 
substantially the same as on the monomer or it may be considerably modified 
by participating in cooperative phenomena with other active groups along the 
chain. In the case of acid behavior, the question is whether dissociation is 
purely an individual phenomenon or one involving large segments of the mole¬ 
cule as a whole. 

Low-molecular-weight polybasic acids, such as succinic, malonic, saccharic, 
and citric, can be treated satisfactorily by standard mass-law methods. On the 
other hand, high-polymeric acids, such as pectinic, arabic, and polyacrylic, 
cannot be adequately treated by existing theories. The polymeric a cids do , 
however, give straight lines when pG is plotted against log a or against ^(COO^) 
and the lines for simil ar mat erials extrapolate to the same intercept when pG 
is plotted against \/(COO“). This suggests that some form of cooperative 
action is at work in the dissociation of poly acids of these types. 

Although our results have shown that acid- and enzyme-deesterified pectinic 
acids are nearly identical in their acid behavior, the experimental data and 
knowledge of empirical relations obtained by this study are not only useful but 
are essential for interpreting jelly properties, viscosity, osmotic pressure, solu¬ 
bility, and electrophoretic properties of pectinic acids, which will be reported in 
other papers. 

The data discussed in this paper were obtained on pectinic acids derived from 
apple pomace. It is believed, however, that the conclusions drawn are applicable 
to pectinic acids from other sources. 

SUMMARY 

The pH as a function of degree of neutralization has been measured for several 
pectinic acid samples of different methyl ester contents, deesterified by acid and 
by enzyme treatment. Pectinic acid has a single buffer range, but does not 
behave as a monobasic acid. For a given pH, the degree of dissociation in¬ 
creases with increasing concentration and with increasing degree of methyl 
esterification. 

pH as a function of degree of neutralization has also been measured for d- 
galacturonic acid, which can be considered the monomer of pectinic acid. This 
acid behaves as a typical monobasic acid, the degree of dissociation at a given 
pH being independent of the concentration. 

Comparison of the acid behavior with that predicted from published theoretical 
relations shows that the carboxyl groups of pectinic acid are not free from mutual 
interactions. 

Empirically, it has been found that the logarithm of the titration constant 
for pectinic acid is, within the experimental accuracy, either a linear function 
of the logarithm of the degree of neutralization or a linear function of the square 
root of the concentration of ionized carboxyls. Furthermore, for the latter case, 
the experimental lines for all the pectinic acid samples extrapolate to the same 
intercept for zero degree of dissociation. From published data it has been 
calculated that arabic acid and polyacrylic acid behave similarly. 
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The purpose of this paper is to discuss the present state of knowledge of the 
aqueous equilibria in the system Portland cement-water which are involved in 
the formation of sulfoaluminates and sulfoferrites of calcium, to indicate the 
research program which is still needed to complete that knowledge, and to dis¬ 
cuss the application of phase-rule studies to the cement-water system. 

Essentially we are concerned with the various aqueous equilibria, stable, 
metastable, and unstable, which it is possible to set up with the oxide com¬ 
ponents CaO, AI 2 OS, Si02, Fe208, K 2 O, Na20, SOa of Portland cement. Neglect¬ 
ing for the time being the presence of silica, and the possibility of the formation 
of hydrated calcium aluminosilicates, the most complex system which need be 
considered is that exemplified by the quinary system Ca 0 -Al 208 ~K 20 -S 08 -“H 20 . 
There are three other similar systems to be considered also: namely, those where 
AI 2 O 3 is replaced by FeaOa and K 2 O by NaaO. As regards Fe 203 , it is the writer^s 
view that the part played by this component in the aqueous equilibria Portland 
cement-water has hitherto been undeservedly neglected. Studies of such 
quinary systems involve, at any rate in pai-t, studies of the quaternary systems 
which can be formed, and of these the most important are CaO-AhOs'-SOs-HaO 
and ("a 0 ~Fe 203 -S 03 “H 20 . Finally, the study of the quaternary systems in¬ 
volves a study of the possible ternary systems, in particular of CaO-Al 203 -*H 20 
and Ca 0 -Fe 203 -H 20 . A restricted list of systems requiring investigation would 
thus be, in order of increasing complexity: 

( 1 ) CaO-AbOs-HzO 

(2) Ca0-Fe203~H20 

(3) Ca0-Al203-CaS04-H20 

(4) Ca0-Fe20s-CaS04~H20 

(6) Ca0-Al203-CaS04-K20-H20 

(6) Ca 0 -Fe 203 -CaS 04 -K 2 (>-H 20 

(7) CaO-AlsOa-CaSOd-NaaO-HzO 

(8) Ca 0 -Fe 203 -CaS 04 -Na 2 (>-H 20 

Prior to work carried out by the writer during recent years, investigations re¬ 
ported in the literature have been almost wholly restricted to a consideration of 
the Ca 0 -Al 203 -H 20 system. Much work has been carried out on this system 
by many authors over a long period of years, though without complete definition 
of the system. A small amount of work which bears on the systems Ca 0 ~Fe 208 - 
H 2 O, Ca 0 -'Al 203 ~CaS 04 -“n 20 , and Ca 0 -Fe 20 s-CaS 04 ~H 20 has also been done, 
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but no comprehensive investigation has been reported apart from the writer^s 
own work on the systems CaO-Al 20 s-CaS 04 ~H 20 (17,18), Ca 0 -Al 203 -CaS 04 -“ 
K2O-H20 (1 per cent KOH) (19), and Ca 0 -Al 203 ~CaS 04 -Na 20 -H 20 (1 per cent 
NaOH) (20) at 25°C. 

In a recent investigation (17) the importance has been stressed of defining as 
rigidly as possible the nature of the calcium hydroxide and hydrated alumina 
solid phases involved in the equilibria. Thus we may work with crystalline 
Ca(OH )2 as obtained by crystallization from a lime solution, or with a more or 
less amorphous form very finely divided and of appreciably greater solubility. 
In the case of hydrated alumina the possibilities include 7 -A 1203 -H 20 (bohmite), 
a-Al208»3H20 (bayerite), and 7 -Al 203 ' 3 H 20 (gibbsite or hydrargillite) both as 
comparatively large crystals giving a sharp x-ray pattern, and as gel consisting 
of highly hydrous masses of crystals so small that no x-ray pattern is obtained, 
though electron-diffraction studies yield typical patterns. Thus Weiser and 
Milligan (28) have shown that the gel precipitated from aluminum sulfate solu¬ 
tion at 25°C. gives the electron-diffraction pattern of 7 -A 1203 -H 20 , though with 
x-rays only a very broad band pattern is obtained. When aged in the cold the 
7 -A 1203 -H 20 gradually changes over and yields an electron-diffraction pattern 
of a-AbOs *31120. Reference may also be made to the work of Htittig and Koste- 
litz (16). From the results of isobaric dehydration and x-ray examination of 
samples of hydrated alumina, prepared and aged in various ways, these authors 
concluded that aging consists in the gradual change of an amorphous bohmite 
showing a continuous loss of water, to a crystalline hydrargillite showing a typ¬ 
ical step in the dehydration curve. The a-AbOs SH-^O is formed initially. In 
the case of ferric oxide there is again the possibility of working either with a gel 
consisting of a highly hydrous mass of tiny cr 3 ^stals of Q:-Fe 203 (hematite), the 
size of which will vary according to the aging treatment to which the gel has been 
subjected, or with crystalline Fe 203 *H 20 . In the systems listed therefore, 
we have to consider equilibria with coarsel}^ crystalline and finely" crystalline 
Ca(OH) 2 , crystalline AbOa-SHoO and alumina gel, crystalline hydrated ferric 
oxide, and ferric oxide gel. In the case of lime, the essential difference between 
the forms is one of size of ciystal, while in the case of alumina and of ferric oxide, 
there is not onl}^ a difference of crystal size, but of cry^stal structure also. 

THE SYSTEM CaO-AbOa-HeO 

Although much work has been carried out on this system (see, for example, the 
survey by Bessey (2)), the gel form of alumina has been considered almost ex¬ 
clusively. This, which when fresh is essentially a highly hydrous mass of tiny 
crystals of 7 -A 1208 -H 20 , is the most soluble form of alumina, but the crystals not 
only tend to grow in size as the gel ages, but also to change, first to a-AbOa *31120 
and then finally to Y-AbOa *3H20. The equilibrium with alumina gel is unstable 
with respect to crystalline Y-AbOa • 3 H 2 O. Assarsson (1) has repoiied the separa¬ 
tion of hydrated alumina in varying degrees of cr^'stallization from calcium 
aluminate solutions at various temperatures from 5° to 90°C. Some investiga- 
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tion has been made recently by the writer (18) in the course of other work, of the 
equilibria with crystalline 7-Ala08-311*0, and the fundamentally stable curves 
have been defined. 


THE SYSTEM CaO-FoaOr-HjO 

Nothing but the most tentative work seems to have been done on this system. 
Yet there appears to be no reason why somewhat similar equilibria to those found 
for the system CaO-AIaOs-HaO should not exist, though the possibilities of com¬ 
pound and solid-solution formation may be much more limited. Eiger (9) 
found that ferric oxide gel when shaken with a saturated calcium hydroxide 
solution yields a cubic compound SCaO FeaOa-GHaO analogous to the cubic 
3CaO-4^208*61120, and it seems reasonable to suppose that similar curves for 
gel, crystalline hydrated oxide, and the cubic hexahydrate exist for Fe 208 as for 
AI 2 O 8 , though there appears to be no FesOa-SHaO analogous to AlaO*-311*0. 
As regards metastable equilibria there is also evidence (e.g., Hoffmann (15), 
Maclntire and Shaw (23)) for the existence of hexagonal forms of hydrated cal¬ 
cium ferrites (or solid solutions) analogous to those found with AI 2 O 3 . 

THE SYSTEM Ca0-Al208-CaS04~H20 

This system has been thoroughly investigated at 25®C. (17,18) in recent years. 
The method of treatment has been to consider the system as being formed by 
reciprocal salt pairs as expressed in the equation 

(Ca(OH)2)8 “f* Al2(S04)3aq. = Al203aq. -j- (CaS04)3aq. 

For a list of the various equilibria determined, a previous paper (18) should be 
consulted. It may be here recalled that the only stable quaternary compound 
formed is C8A*3CaS04*32H20. Metastable equilibria however readily arise, 
and solid solutions of general composition a;Ca 0 *yAl 208 *jCaS 04 *aq. are formed. 
The so-called low-sulfate form of calcium sulfoaluminate prepared originally by 
Lerch, Ashton, and Bogue (22) belongs to this series. A solid-solution surface 
has been defined within the quaternary system. 

THE SYSTEM CaO“Fe20r"CaS04*“H20 

Very little work has appeared which has a bearing on this system. Maclntire 
and Shaw (23) in 1925 deduced the existence of an iron compound analogous to 
the high-sulfate form of calcium sulfoaluminate, but w’^ere not able to prepare it in 
a pure state for analysis. Bogue and Lerch (3) placed dicalcium ferrite, 2CaO • 
Fe*©*, in calcium sulfate solution for a year and found a crystalline phase con¬ 
sisting of short broad hexagonal colorless prisms of refractive index a — 1.486 
rirO.003, 7 = 1.492 dbO.003, parallel extinction, positive elongation, and uni¬ 
axial positive. They suggest that these are identical with the crystals obtained 
by Maclntire and Shaw (23), but were not able to get them sufficiently pure for 
analysis. Malquori and Cirilli (25) have recently examined the effect of the 
addition of calcium sulfate to the products of hydration of 4Ca0-Al208-Fe208 
in the presence of lime and found that the calcium sulfate reacted to an extent 
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nearly equal to that required theoretically for formation of 3CaO • A^Oa • 3 CaS 04 • 
aq. and 3CaO * Fe208 • 3 CaS 04 • aq. The final product was white in color. Cirilli 
(7) later (brief abstract only seen) has found that anhydrous cements absorb 
calcium sulfate from a saturated solution, the molar ratio SO 8 /AI 2 O 3 + FesOa 
becoming gradually near 3. The writer has prepared the compound 3CaO- 
Fe208*3CaS04*321120 in a pure state by shaking at 25°C. a solution of iron alum, 
(NH4)2S04*Fe2(S04)8-241120, with lime in suitable proportions for 2 days. The 
preparation consisted of very small short needles, birefringence too slight to ob¬ 
serve elongation, refractive index 1.490 d= 0.003. Analysis gave CaO = 25.65 
per cent, Fe 203 = 12.1 per cent, SOa *= 18.1 per cent. (Theory for 3CaO* 
Fe203*3CaS04*321120: CaO = 25.65 per cent, Fe 203 = 12.15 per cent, SOs = 
18.3 per cent.) It has not yet been found possible to carry out sufficient work 
to determine whether there exists a solid-solution series involving a low sulfate 
composition as in the case of the corresponding system with AI 2 O 3 , though it 
seems highly probable. Malquori and Caruso (24) have in fact (according to a 
brief abstract) described the preparation of 3 Ca 0 *Fe 203 *CaSd 4 *H 20 as well as 
corresponding calcium chloride and calcium nitrate compounds, but no details 
are known. It is, however, clear that the formation of the high-sulfate com¬ 
pound is probable in a hydrated Portland cement, and that the Fe 203 content 
must be considered as probably equivalent to AI 2 O 3 , subject of course to differ¬ 
ences in the regions of stability for the analogous compounds or solid solutions 
formed. The system Ca0~Fe208-CaS04-“H20 merits studj^ on similar lines to 
those used in the corresponding AI 2 O 3 system. 

THE SYSTEM Ca0--Al203-CaS04~K20-H20 

The work of a number of authors has shown that when Portland cement is 
mixed with a limited amount of water, as is the case in practice, the liquid phase 
contains a high i)roportion of alkalies. It is, in fact, mainly a mixed solution of 
alkali sulfate and alkali hydroxide. A table showing the concentrations in the 
liquid phase reported by various authors is given in a previous paper (19). 
Both potassium and sodium sulfate and the corresponding hydroxides are present, 
though the potassium compounds largely predominate. The total alkali con¬ 
centration expressed as the KOH equivalent may amount to as high as 2.1 per 
cent or 1.5 per cent NaOH. 

No work appears to have been carried out on this system except that reported 
recently (19) dealing with the system at a constant total alkali concentration 
equivalent to 1 per cent KOH. Hein (13) carried out some tests on the reaction 
of potassium hydroxide solutions with gypsum, by shaking potassium hydroxide 
solutions of varying concentrations vdth gypsum and lime hydrate at 17°C. 
Above a concentration of 0.353 equivalent K 2 O per liter (corresponding to 1.98 
per cent KOH) he found that the alkali concentration of the equilibrium solution 
remained constant, indicating that an alkali double salt was precipitated. This 
is evidently the compound CaS 04 *K 2 S 04 *H 20 , which occurs at 25®C. in both the 
ternary system CaS 04 -K 2 S 04 "-H 20 (Cameron and Breazeale (6)) and the 
quaternary system Ca 0 -“CaS 04 ~K 2 S 04 “-H 20 (D^Ans and Schreiner (8)). It is 
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noteworthy that the maximum concentration of alkali which has been found in 
practice in the liquid phase of normal Portland cement mixes corre^nds ap¬ 
proximately to the point at which Hein found precipitation of double salt, and 
to the composition of the invariant point Ca(0H)r-CaS04-2H*O-CaS04* 
KiS 04 'Ht 0 given by D’Ans and Schreiner. This suggests that in Portltmd 
cements of sufficiently high alkali content, the alkali double salt may well be 
precipitated. It seems desirable therefore to carry out a further examination 
of the Ca 0 -Alj 0 r-CaS 04 -Ks 0 -Hs 0 system, at least in part, using an alkali con¬ 
centration equivalent to between 2 per cent and 5 per cent KOH. A Portland 
cement containing sufficient alkali to yield the equivalent of 5 per cent KOH 
in solution would be exceptional, as table 1 (4) shows. This gives for seven 
Portland cements both the total alkali content, and the amounts dissolved 
after shaking 15 g. of cement with 150 ml. of water for 48 hr. Only a small 
increase occurs between 16 and 48 hr. The work so far carried out on the 1 per 
cent KOH system has shown that in spite of the considerable modification of the 


TABLE 1 

Alkali contents of Portland cements 


Cement. 

1 

2 

3 

4 

5 

6 

7 

Total KaO -f NajO, per cent. 

0.70 

0.90 

1.00 

1.22 

1.24 

1.01 

1.30 

Dissolved KjO -1- NajO, per cent .. . 

0.14 

0.35 

0.39 

0.49 

0.63 

0.71 

1.11 


quaternary equilibria in the system Ca 0 -Al 20 r~CaS 04 ~H 20 as regards solution 
compositions which the much increased solubility of alumina and decreased solu¬ 
bility of lime in alkali entails, the same sequence in the changing equilibria is to 
be expected. This involves the setting up of an invariant point equilibrium 
Ca(0H)2-CaS04*H20~CsA*3CaS04*32H20 (point F in both quaternary (17, 
18) and quinary (19, 20) equilibria), followed by change along the boundary 
curve Ca(0H)2-C8A *3CaS04*32H20 towards the invariant point G, and into the 
metastable solid-solution region (figure 1). 

THE SYSTEM Ca0~Al208’-CaS04-“Na2(>-H20 

This system has also been investigated by the writer at 25°C. for the alkali 
concentration equivalent to 1 per cent NaOH. The equilibria are similar in 
form to those found for the corresponding K 2 O system. The system CaS 04 “ 
Na 2 S 04 ~H 20 differs from that for CaS 04 ~K 2 S 04 -H 20 in that no stable double 
salt of the two sulfates is formed at 25®C., no matter what the concentration of 
sodium sulfate. Hill and Wills (14) give for a metastable isothermal invariant 
point CaS 04 ’ 2 H 20 “CaS 04 -Na 2 S 04 at 25®C. the solution composition (weight 
per cent) Na2S04 = 25.9, CaSOd = 0.17. At 35®C. the invariant point is stable, 
with solution composition Na^SOd = 22.65 and CaSOd ~ 0.21. The system in¬ 
variant point CaSOd • 2H20~Na2S0d • 10H2O~CaSOd »Na2SO4 is reported as 27.5®C. 
with the Na^SOd concentration 26.0 weight per cent. At 50° and 76°C., the 






PORTLAND CEMENT-WATER SYSTEM 


349 


stable invariant point CaS 04 *~CaS 04 -Na 2 S 04 is reported by the same authors, 
with the solution compositions Na 2 S 04 = 19.7, CaS 04 == 0.21 and Na«S 04 == 
18.9, CaS 04 “ 0.13, respectively. These data appear to rule out the possibility 
of any double sulfate of CaS 04 and Na 2 S 04 arising, no matter what the tempera¬ 
ture rise in the setting cement may be owing to the high sodium sulfate concen¬ 
trations required. 

THE SYSTEMS Ca0-Fe203-CaS04-“K20(Na20)-H20 

No work appears to have been carried out on the Fe 203 systems. Both sys¬ 
tems may well be as important as the corresponding AI 2 O 3 systems. Both alu- 



Fid. 1. Equilibria in the system ('aO-AlsOg-raSOWliO at 25®C. 


minum and ferric iron form similar double sulfates with potassium sulfate, though 
in the case of sodium sulfate, a sodium iron alum salt does not appear to be 
formed. Information in the literature on aqueous etjuilibria involving the 
sulfates of sodium, pota.ssium, and ferric iron is too scanty to permit of any con¬ 
clusions being drawn as to behavior in the quinary systems. 

THE FORMATION OF MIXED CRYSTALS OF CORRESPONDING AI2O3 AND FonOs 

COMPOUNDS 

The fact of the existence of corresponding compounds SCaO-AbOs *61120 and 
3Ca0 Fe 203 * 6 H 20 , 3Ca0 Al 203 * 3 CaS 04 * 32 H 20 and 3Ca0 Fe 203 * 3 CaS 04 * 
32H2(), and of solid solutions involving CaO, AI 2 O 3 , CaS 04 , and CaO, Fe 203 , 
CaS 04 , respectively, suggests the possibility of the formation of mixed crystals 
involving the replacement of AbOs by Fe 203 . Recently Flint, McMurdie, and 
Wells (10) have shown that SCaO-AbOs *61120 and 3Ca0 Fe 203 * 6 H 20 are 
capable of forming mixed crystals. These were prepared by heating glasses in 
the system Ca 0 - 2 Ca 0 *Si 02 - 5 Ca 0 ’ 3 Ab 03 ~- 4 Ca 0 *Ab 03 *Fe 203 with water at 
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about 200®C. for about a week, and also by the very slow addition of dilute 
acidified iron and aluminum chlorides to a large volume of boiling lime solution. 
While these experiments were made at ^X)®C. and 100®C., respectively, it seems 
quite probable that SCaO-AbOs *61120 and 3Ca0*Fe208 *61120 are capable of 
forming mixed crystals at room temperatures. No experiments to test the for¬ 
mation of mixed crystals of the corresponding sulfate compounds or the forma¬ 
tion of solid solutions involving CaO, AbOa, Fe208, CaS04 appear as yet to have 
been made. 


THE ROLE OF Si02 

While the main purpose of this paper is to discuss the equilibria directly con¬ 
cerned with the production of calcium sulfoaluminates and calcium sulfoferrites, 
some consideration must be given to the part played by silica. A general survey 
of the work hitherto carried out on the system CaO-Si02-H20 has been given by 
Bessey (2), and an equilibrium diagram suggested. Further work is required 
before any definite conclusions can be reached. Very little work appears to 
have been carried out on the systems Ca0~Ab08-Si02“-H20 or Ca0-Fe208- 
Si02~H20. It has been shown, however, by Flint, McMurdie and Wells (10) 
that mixed-crystal formation may occur not only betw^een SCaO-AbOs *61120 
and 3Ca0*Fe203 *61120, but that these form mixed crystals with the compounds 
3Ca0*Al203 *38102 and 3Ca0*Fe203*3Si02. Various compositions have been 
prepared by these authors, using the methods mentioned previously, in the solid- 
solution series 3Ca0*Ab03(Fe203)*6H20~3Ca0*Ab03(Fe203)*3Si02. It was, 
in fact, found difficult to prepare 3Ca0*Ab03*6H20~3Ca0*Fe203*6H20 solid 
solutions free from Si02, the Si02-free solid solutions being relatively unstable. 
Furthermore, 1 part of Si02 appears to substitute for 2 parts H2O. The existence 
of such Si02-containing solid solutions raises the question as to whether these 
are formed in the reaction of Portland cement with water. Stratling (27), 
whose work is commented on by Blissem (5), found on sliaking burnt kaolin 
(600®C.) with lime solution at 20°C. that after some months lime had been taken 
up by kaolin to give a gross composition of 3Ca0*Al203*2Si02*aq, The same 
product was obtained by mixing 3Ca0*Ab08 and 3Ca0*Si02 with water in the 
ratio 2Si02: IAI2Q3. The product was considered by Biissem and Stratling to be 
a mixture of 3CaO* 28102 *aq. and 2CaO* Al203*Si02*aq., though Str8.tling, from 
experiments with mixes of 3Ca0*Al203, Si02 sol, and lime arrives at a calculated 
composition of 2.7Ca0*Al208 Si02*aq. for the quaternary product. It is clear 
that compound or solid-solution formation involving CaO, AbOs, Fe203, and Si02 
may occur in the reaction of cement with water. In the presence of calcium 
sulfate therefore, the possibility exists of a compound or solid solution involving 
CaS04 in addition. 

THE FORMATION OF PROTECTIVE COATINGS 

The formation of protective coatings which interfere with or effectively pre¬ 
vent the attainment of equilibrium is important. Fors4n (12) has drawn atten¬ 
tion to such behavior and cites for example the retardation of the slaking of lime 
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in a magnesinni sulfate solution, apparently as a result of the formation of a pro¬ 
tective coating of magnesium hydroxide, and the behavior of aluminous cement 
concrete and also of slag mixes where prolonged mixing appears to result in the 
removal by attrition of an initially formed protective coating. The same author 
observed the formation of semipermeable membranes by allowing calcium alumi- 
nate solutions to come into contact with saturated lime and lime-gypsum solu¬ 
tions through a porous glass plate. The film formed in the lime solution had the 
composition S.QCaOilAbOs, and that in the lime-gypsum solution the composi¬ 
tion 3 . 7 CaO:lAl 2 O 3 : 0 . 3 CaSO 4 . The latter may be written as 12 . 33 CaO: 
3 . 33 Al 203 :lCaS 04 , equivalent to 2.33 moles of 3Ca0-Al203 Ca( 0 H) 2*121120 
plus 1 mole 3 CaO • AI2O8 • CaS04 * I2H2O, so that a solid solution of the type found 
in the writer’s work on the system Ca0-Al203~CaS04-H20 appears to be formed 
rather than a mixture of 7(Ca0*Al203‘aq.) plus 3 ( 3 Ca 0 Al203 CaS04 aq.), 
as Fors 6 n suggested. In the writer’s investigations on the quaternary system, 
the formation of coatings of newly formed compoiinds on crj^^stal surfaces has 
also entered. This has been shown particular!}'' in the work involving crystalline 
AI2O3 *31120 ( 18 ), where difficulties in the attainment of the equilibria desired 
arose from this cause. In the ternary system Ca0-Al203--H20, reaction of crys¬ 
talline AI2O3 *31120 in solution of high CaO concentration yields a coating of 
cubic 3 CaO • AI2O3 • 6H2O over the AI2O3 • 3H2O. In the quaternary system CaO- 
Al203~CaS04-H20, attainment of the stable equilibria Al203*3IT20-3Ca0* 
Al208*3CaS04 *321120 with mixes of A1203-3H20 and lime-calcium sulfate solu¬ 
tions has been shown to be inhibited unless excessive formation of 3 CaO* A1203* 
3CaS04 *321120 is avoided, and it must be concluded that a coating, probably 
of 3Ca0*Al203*3CaS04*321120, is formed on the A1203-3H20 surface. The for¬ 
mation of such a coating in the case of crystalline AI2O3 *31120 is of interest in 
view of difficulties experienced in the attainment of equilibrium with cubic 
3CaO • AI2O3 • 6H2O. Certain anomalous results with mixes of 3 CaO * AI2O3 * GH2O 
and calcium sulfate solutions have previously been explained as possibly due to 
the formation of a thin coating of Al203*aq. around the grains of 3CaO* AI2O3* 
GH2O. The results with Al203*3H20 suggest that the inhibiting coating may be 
3 CaO * AI2O3 * 3CaS04 * 32H2O. 

In the system Portland cement-water, the formation of protecti^'e coatings is 
of particular importance, since it is to such coatings that the action of gypsum 
and other compounds in retarding the rate of set of Portland cement is to be 
ascribed. Fors6n considers that in the presence of gypsum as retarder, the 
supposed compound 3Ca0*Al208*CaS04*12H20 is formed around the cement 
grains and not the high-sulfate form 3Ca0*Al203*3CaS04*32Il20. This will be 
discussed later. In an alkali-free cement, lime alone acts as retarder, and here 
a protective coating of 3Ca0*Al203*Ca(0H)2*12H20 is considered to be de¬ 
posited around the cement grains. Whatever the protective coating which is 
formed initially, its effect is to slow up the rate of hydration of the cement con¬ 
stituents and to delay the attainment of equilibrium. 

The formation of protective coatings may also play an important part in con¬ 
ferring sulfate resistance on a set Portland cement. Flint and Wells ( 11 ) have 
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carried put tests on a limited number of preparations in the solid-solution series 
3Ca0 Al208(Fe203)*6H2O-3Ca0‘AU08(Fe208)-3Si0a, which indicate that while 
3Ca0 Al 208-61120 itself is readily converted to 3Ca0-Al808-3CaS04-32Ha0 in 
contact vdth a sodium sulfate solution (10 per cent Na 2 S 04 ), the introduction of 
SiOa or Fe 208 or both into the crystal rapidly increases resistance to the conver¬ 
sion, 10-15 per cent or more of either SiOa or Fe208 conferring a very high resist¬ 
ance. It seems possible that the reason for the efficacy of Fea08 in the crystal 
is that the sulfoferrite forms a protective coating more readily than the cor¬ 
responding sulfoaluminate. This is supported by the work of Malquori and 
Cirilli (25), who found that the compound 4Ca0-Fe208‘aq. reacts much less 
readily than any of the hydrated aluminate compounds with calcium sulfate. 
The inhibition of the reaction of both hydrated aluminates and 4 Ca 0 -Fe 208 -aq. 
with calcium sulfate is ascribed by these authors to the formation of protective 
coatings. 

APPLICATION OF PHASE-RULE STUDIES TO THE CEMENT-WATER SYSTEM 

In 1938, a symposium on the chemistry of cements wras held in Stockholm. 
The papers contributed, with the discussions thereon, provide a convenient 
expression of present-day knowledge. Much of the views held on behavior in 
the system cement-w^ater, including the action of various compounds in modify¬ 
ing the rate of set, lack such light as may be aiforded by the study from the phase- 
rule aspect of the various equilibria which are possible. It is of value to con¬ 
sider the application of the equilibria already worked out by the writer to some 
of the statements and views expressed. 

For this purpose we may consider those portions of the quaternary system 
Ga0-Al203-CaS04-H20 at 25°C. and the quinary system Ca0-Al203-CaS04~ 
K 2 O-H 2 O (1 per cent KOH) at 25°C. which are of direct interest in the reactions 
occurring when cement is mixed with water to give a mix of normal consistence. 
Here w^e are primarily concerned with the boundary curves CaS 04 * 2 H 20 - 
3Ca0 Al208-3CaS04-3'2H20, Ca(0H)2-3Ca0 Al203-3CaS04-32H20 and the 
metastable solid-solution equilibria. In the case of the quaternary system, the 
essential equilibria are shown schematically in figure 1, using rectangular co¬ 
ordinates. Metastable solid-solution equilibria are given in the plane enclosed 
by the CaO and AI 2 O 3 axes. For simplicity the lower boundary curves MR 
and the upper limit WS of the solid-solution surface (not a boundary curve) are 
alone indicated. The plane enclosed by the CaO and CaS04 axes, and close to 
which the boundary curves for CaS 04 - 2 H 20 - 3 Ca 0 -Al208-3CaS04*32H20 and 
Ca(OH)2-3CaO-Al208*3CaS04-32H20 lie, is at right angles to the former plane. 
Only certain of the equilibrium curves determined are shown in the figure. The 
lettering has the same significance as in previous papers. 

Besides gypsum, it is necessary to consider the behavior of the so-called semi¬ 
hydrate CaS 04 -|H 20 , which initially shows a much higher solubility than gyp¬ 
sum (about four times the CaS 04 concentration in water) though the concentra¬ 
tion falls quickly as the conversion CaS 04 -JH 20 + liH 20 —► CaS 04-21120 
takes place. There is too the possible formation of Ca(OH )2 in such a fine state 
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of subdivision as to yield higher solubilities. The possible metastable equilibria 
are shown by the broken lines in the figure. E'F'" represents a theoretical 
metastable equilibrium with CaS04 *11120 and G'F'" that with a more soluble 
form of Ca(0H)2. The significance of the metastable invariant points repre¬ 
sented by F', F", and F'" is apparent. It is clear that whatever form of hy¬ 
drated calcium sulfate or of Ca(0H)2 we consider, there is no fundamental dif¬ 
ference in the equilibria set up, though the relative concentrations of salts in 
solution will be different. Thus for the equilibrium F'", the salt concentrations 
will be much higher than for the equilibrium F. At F', compared with F, there 
will be a marked increase in the CaS04 and K2SO4 concentrations, with a de¬ 
crease in Ca(0H)2 and KOH concentrations, and at F'" an increase in the 
Ca(0H)2 and KOH concentrations with a decrease in the CaS04 and K2SO4 
concentrations. 

Considering in the first instance an alkali- and iron-free Portland cement, 
mixed ^vith sufficient water to give normal consistence, it is apparent that the 
rapid saturation with respect to Ca( 0 H )2 and CaS04*21120 which occurs must 
yield at 25 °C. the equilibrium point F, or one which rapidly approaches F. In 
any case the compound 3Ca0*Al203*3CaS04 *321120 is the stable sulfate-con¬ 
taining phase at 25 °C. at this stage. As reaction of the calcium aluminates of 
the cement with gypsum proceeds (to give further 3 CaO • AI2O3 • 3 CaS 04 • 32H2O), 
the solution concentrations will remain at F until no more ('aS04 *21120 is left 
as solid phase. The equilibrium will then move along the boundary curve 
Ca(OH) 2 ”~ 3 CaO-Al 208 * 3 CaS 04 - 32 H 20 towards G, the invariant point 
C3A • 6H20~Ca(0H)2~3Ca0 * AI2O3 * 3CaS04 * 32H2O • At CJ, for stable eciuilibrium, 
3 CaO* Al303*6H20 should be formed, and the vsolution concentration should show 
no further change. Probably, however, this compound is not formed at this 
stage. Instead the equilibrium probably proceeds to the mctastable invariant 
point M, very close to G, and on the continuation of FG, where a third solid 
phase is formed consisting of a solid solution of C/aO, AI2O3, SO3, 1120 of high 
CaO and low SO3 content. As stated in a previous paper ( 18 ), it appears prob¬ 
able that the C3A -3CaS04 * 32 H 20 may eventually change over completely to the 
solid solution. This equilibrium would in any case tend slowly to change over 
to that for the invariant point G. 

The picture thus drawn may be oversimplified if saturation with Ga(0H)2 
and CaS04* 2H2O does not occur rapidly enough. Thus in the immediate neigh¬ 
borhood of a hydrating CsA pailicle, local concentrations of GaO, AloOs, and 
CaS04 may initially be such that a metastable solid solution is formed first, cor¬ 
responding to some point on the solid-solution surface. As, however, GaO and 
CaS04 concentrations rise, conversion to C3A*3CaS04 *321120 should occur and 
the equilibrium of F reached, followed by the sequence of changes described. 

For an alkali-(?ontaining cement, we have to consider the corresponding alkali 
systems. The solid-solution equilibria have not yet been examined, but it is 
possible to follow the equilibria up to the corresponding stable invariant point G. 
A similar method of representation may be adopted as for the (jualernary sys¬ 
tem, but because of the additional alkali component, sulfate will be present both 
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as alkali sulfate and calcium sulfate. Along the third axis, th^fore, the con¬ 
centration of S0« is plotted instead of CaS 04 . figure 2 gives partiid repre¬ 
sentation of the 1 per cent KOH system. Ilie lime concentrations diown give 
the total lime present botii as calcium hydroxide and as calcium sulfate. The 
point O' represents a pure solution of KtSOi (equivalent to 1 per cent KOH). 
Hie same sequence of equilibria apply for the alkali system up to the invariant 
point G, as has already been discussed for the quaternary system. It seems 
probable that similar solid-solution equilibria to those found in thh quaternary 
system will then appear. 

We are now in a position to discuss some examples of the views held on be¬ 
havior in the system cement-water. 



Fig. 2. Equilibria in the system CaO-AUOg-CaSOi-KaO-HiOCl per cent KOH) at'26°C. 

Fors6n states that a technical quick-setting cement (i.e., quick-setting before 
g 3 rpsum addition) was rendered normal setting with dihydrate and with a mix¬ 
ture of dihydrate and semihydrate (3:1), but was quick setting with 1-16 per 
cent of semihydrate alone. He considers therefore that gypsum acts on cement 
quite differently if it is present as di- or as semi-hydrate, and that this is due to 
the fact that the difference in solubility gives rise to different reactions with the 
aluminates. It is suggested that with much CaS 04 present (from the semi¬ 
hydrate) the compound 3Ca0*Al208*3CaS04-31JH20 is formed, but that with 
CaS 04 * 2 H 20 as retarder the so-called low-sulfate compound 3 Ca 0 *Al 203 - 
CaS 04 l2H20 must be formed. The phase-rule studies show that at 25°C. 
it is the compound 3CaO • Al20$ • 3 CaS 04 • 32 H 2 O which is in equilibrium with solu¬ 
tions saturated with respect to a CaS 04 solid phase (whether CaS 04 * 2 H 20 or 
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CaSOi* JH2O) and Ca(OIl)2, and indeed throughout a range of solutions of in¬ 
creasing CaO but decreasing CaS04 concentrations, down to a very small CaS04 
value. It must be concluded therefore that this compound is formed unless 
there is interference with the attainment of the expected equilibrium. It may, 
however, be as previously indicated that the hexagonal solid solution is formed 
initially around the grains of hydrating SCaO AbOa. Fors6n states that when 
crystals of 3Ca0*Al203 were placed in a solution of CaS04 *21120, they were im¬ 
mediately surrounded by a border of finely crystalline ''3Ca0*Al203*CaS04* 
12H20’\ The refractive indices given are a = 1 . 499 , 7 = 1 . 515 . From the 
work carried out by the writer on the formation of metastable solid solutions in 
the system Ca0-Al208~CaS04-H20, the indices quoted suggest that the crystals 
formed constitute a solid solution involving CaO, AI2O8, and SO3. It is not stated 
what were the relative amounts of 3 Ca 0 Al203 crystals and gypsum employed 
but if, as is probable, there was sufficient gypsum for the formation of 3CaO* 
Al208*3CaS04*321120 at equilibrium at 25 ®C., an explanation must be found for 
the solid-solution formation. Apart from the initial ^tting up of local concen¬ 
tration conditions leading to initial formation of solid solution, an alternative 
explanation has already been suggested by the writer in a previous paper in dis¬ 
cussion of Schlapfer’s ( 26 ) similar results: namely, that the heat of hydration 
of the 3Ca0*Al203 crystals may raise the temperature at the surface of the 
grains to a value where the solid solution and not the 3 CaO * Al203*3CaS04* 
32H2O is stable. In this connection a study of the system Ca0-Al203-CaS04~ 
H2O at temperatures greater than 25 °C. is desirable. 

It may well be that the retardation of the 3 CaO* AI2O3 hydration and there¬ 
fore of set does depend on the initial formation of such a solid-solution deposit, 
and that with the high initial CaS04 concentration obtained with the semihy¬ 
drate, this solid-solution phase is no longer formed even at the higher tem¬ 
peratures which presumably exist at the surface of the hydrating 3Ca0*Al308. 
It is clear, however, that eventually the equilibrium of normal temperatures 
must prevail, so that even if a solid solution is formed initially as a protective 
coating around the SCaO-AUOa grains whether as the result of a temperature 
effect or transitory local concentration conditions, since it is in contact with a 
calcium sulfate solution it must gradually be converted to the high-sulfate form, 
probably followed by reversion to the solid solution. 

It is now possible to arrive at a more comprehensive picture than has hitherto 
been available of the equilibrium relations in a setting cement, and the parts 
played by the various components. This picture will be clear from the foregoing 
discussion without recapitulation. It may be added that in the case of a cement 
possessing an exceptionally high content of K2O (in excess of the equiv alent of 
2 per cent KOH), the double salt CaS04 *1x2804 *1120 may be formed initially. 
No essential difference in the course of the reactions in the setting cement is, 
however, to be expected. 

Reference may be made to the attack of gypsum and alkali sulfate waters on 
concrete. Some discussion has been given in a previous paper ( 17 ) of attack by 
calcium sulfate waters. The further work carried out since by the writer throws 
additional light on this matter, and on attacks by alkali sulfates. It seems clear 
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that in a set Portland cement the final equilibrium is that for the invariant 
point M or G, i.e., either Ca(OH)2-3CaO-Al208-3CaS04*32H20i8olid solu¬ 
tion or Ca(0H)2-3Ca0-Alj03*3CaS04-32H2O3Ca0 AU08-6Ha0 or possibly 
Ca(OH)a*~solid solution alone, not only for an alkali-free but probably also for an 
alkali-containing cement. The expected similar behavior with the FeaOg com¬ 
ponent is here neglected. In contact with such sulfate waters, therefore, the 
solid solution (or SCaO-AhOs-GHaO) vnll gradually be converted to 3CaO- 
Ala08*3CaS04*32H20. In the quaternary system CaO-AIaOr^aS 04 “'H 20 , 
at 26®C. the minimum concentration of calcium sulfate required for this conver¬ 
sion is 0.004 g. CaS 04 per liter (invariant point M) and 0.025 g. CaS 04 per liter 
(invariant point G). In the alkali systems the SOs concentrations at the in¬ 
variant point G are respectively: 1 per cent KOH, 0.050 g. SOs per liter; 1 per 
cent NaOH, 0.075 g. SOa per liter. It is probable that at the invariant point M 
these concentrations would be much reduced. It is apparent that to obtain a 
concrete resistant to sulfate waters, some means must be found of either pre¬ 
venting formation of the'solid solution (or 3CaO-AbOa GHaO) or protecting it 
when formed from the further action of sulfate, or ensuring its complete con¬ 
version to SCaO-AUOa-SCaSOi-321120 during the hardening period and while 
the concrete is still in a relatively plastic state. The introduction of Si02 or 
FeaOa into the crystal, as in the work described by Flint and Wells (11) on the 
solid-.solution series 3CaO - Al20s(Fe208) • GHaO-SCaO • Al 2 O 3 (Fe 203 ) * SSiOa may be 
regarded as a method of protection, but this work is related only to solid solutions 
crystallizing in the cubic system. Flint and Wells found that a hexagonal hydrated 
calcium silicoaluminate preparation, prepared as described by Stratling (27), was 
completely converted to 3CaO • AI 3 O 3 • 3 CaS 04 • 32 H 2 O after 3 weeks in a 10 per cent 
sodium sulfate solution. Thus in hexagonal crystals, silica appears to be much 
less efficacious. It is a possibility, however, that even in the hexagonal system 
the presence of silica is advantageous. The readiness with which protective 
coatings appear to be formed in the case of the hexagonal 4 Ca 0 -Fe 203 -aq. 
has already been referred to in connection with the work of Malquori and Cirilli 
(25). The use of pozzolanic materials to increase sulfate resistance has long 
been known, though the mechanism of the action has remained obscure. It is 
well known that such materials remove lime from solution. The action is slow 
and so presumably takes place mainly after the equilibrium of the invariant 
point G or M would be reached. It appears unlikely therefore that there would 
be any interference with the initial course of the reactions in a setting cement. 
Lea (21) states that from tests on pozzolana mortars and concretes up to one or 
two years complete removal of free lime has not been found, so that it would 
appear that equilibrium in the region of G or M must persist. This suggests 
that the purely physical protective effect of the pozzolana-lime product is of 
major importance in increasing sulfate resistance, and not any modification of 
the equilibria resulting from removal of lime. It is also possible that the lime- 
pozzolana product provides a reserve of material with which sulfate must first 
react to give solid solution. It is not until such formation is complete that 
formation is complete that formation of the high-sulfate form and consequent 
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disintegration is to be expected. However this may be, more knowledge of the 
aqueous equilibria on the lines indicated is needed before the mechanism of 
behavior can be satisfactorily cleared up. 

SUMMARY 

The present state of knowledge of the aqueous equilibria in the system Port¬ 
land cement-water which are involved in the formation of sulfoaluminates and 
sulfoferrites of calcium is discussed. The further phase-nile studies which are 
needed to complete this knowledge are indicated, and the application of those 
already made by the writer to the cement-water system considered. The for¬ 
mation and nature of protective coatings to which retardation of set is ascribed, 
and the attack of sulfate waters on concrete are also discussed. 

The work described in this paper was carried out at the Building Research 
Station of the Department of Scientific and Industrial Research, and the paper 
is published by permission of the Director of Building Research. 
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In the course of a research problem, it became necessaiy to have data on the 
liquid-liquid equilibria and refractive indices of the ternary systems benzene-1- 
propanol-water and carbon tetrachloride-l-propanol-water, and refractive 
index data for the binary system carbon tetrachloride~l-propanol. A search of 
the literature up to the present yielded insufficient data (2, 5). Therefore 
determinations were made on these systems at 20°C. 



Fig. 1. Binodal curve for the ternary system carbon tetrachloride-l-propanol-water at 
20®C. and atmospheric pressure. 

Both of the ternaiy systems contain a single pair of non-consolute liquids 
whose mutual solubilities increase upon addition of a third component, and 
therefore their binodal curves (figures 1 and 2) show the characteristic ^ffiump’\ 
Tables 1 and 2 present the data from which the binodal curves were drawn. The 
binary system was one of complete mutual solubility. 

The liquid-liquid equilibrium curves have been supplemented with tie lines 
to increase the usefulness of the data. 




TABLE 1 

Ternary system carbon tetrachloride-1 ^propanol-water at BO^C. 


CAKBON 

TE TRACK LOU IDE 

l-PROPANOI. 

REFRACTIVE 
INDEX (25®C.) 

CARBON 

TETRACHLORIDE 

l-FROPANOL 

REFRACTIVE 
INDEX (25'*C.) 

weight per cent 

weight percent 


weight per cent 

weight per cent 


0.51 

21.1 

1.3509 

37.3 

50.1 

1.3969 

1.6 

26.7 

1.3552 

40.3 

48.6 

1.3991 

2.4 

30.0 

1.3578 

42.8 

47.2 

1.4013 

6.0 

39.6 

1.3656 

44.5 

45.6 

1.4022 

11.7 

48.4 

1.3743 

52.9 

40.8 

1.4089 

17.6 

53.0 

1.3810 

59.2 

35.1 

1.4130 

23.8 

54.0 

1.3866 

75.4 

22.5 

1.4275 

28.7 

53.7 

1.3903 

89.3 

10.1 

1.4411 

32.0 

52.3 

1.3928 

96.2 

3.7 

1.4512 


TABLE 2 


Ternary system henzene-1-propanol-water at 20°C. 


BENZENE 

l-PROPANOL j 

REFRACTIVE 
INDEX (25®C.) 

BENZENE 

l-PROPANOL 

REFRACTIVE 
INDEX (25*C.) 

weight per cent 

weight per cent 


weight per cent 

weight per cent 


0.35 

19.3 

1.3501 

30.3 

56.5 

1.4124 

1.6 

28.9 

1.3569 

45.6 

46.1 

1.4300 

4.2 

39.1 

1.3678 

47.3 

45.1 

1.4321 

8.5 

50.7 

1.3794 

51.0 

42.1 

1.4364 

12.2 

56.3 

1.3872 

60.5 

34.9 

1.4474 

15.1 

57.7 

1.3928 

66.6 

29.8 

1.4547 

18.5 

59.0 

1.3970 

75.6 

22.2 

1.4654 

25.3 

58.6 

1.4058 

83.0 

15.8 

1.4747 

27.4 

57.8 

1.4085 
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MATEBUIiS AND APPARATUS 

All materials used were C.P. purified chemicals. The l-propanol was dried 
for one week over calcium chloride and then subjected to three redistUlations, a 
three-ball fractionating column being used. The first and last portions of each 
distillation were discarded. 

The values of the refractive indices of the materials at 20®C. were as follows: 
benzene, 1.5010; carbon tetrachloride, 1.4604; l-propanol, 1.3860; water, 1.3330. 
Refractive indices were taken with an Abbe refractometer with the temperature 
regulated to within d:0.1°C. 

A 2-liter beaker, about two-thirds filled with w^ater, was used as a constant- 
temperature bath during end-point titrations. A small-sized bath of this type 
has the. advantage of permitting close observation of the sample being titrated. 
It also allows the sample to be viewed from any desired angle, thus eliminating 
the necessity of looking directly into the source of illumination. The tempera¬ 
ture during titration was controlled to db0.1°C. 

The buret used for titrations was modified by attaching to the tip of it, by 
means of rubber tubing, a piece of 5-mm. glass tubing about 4~5 in. long. The 
one end of the glass tubing was drawn to a fine capillary. This attachment 
allowed constant shaking during titration and gave better control of the titra¬ 
tion, since smaller drops formed from the capillary than from the buret. It was 
found that a small piece of rubber tubing, i-in. in length, formed an air-tight 
stopper for the 2-ounce glass-stoppered bottles which were used in titrating the 
samples. This piece of tubing was placed just above the capillary which 
extended into the bottles. 


PROCEDURE 

In determining a point on the binodal cur^'^e, two of the components of a sys¬ 
tem, one of the non-consolutes and the homogenizer liquid, were mixed in definite 
weighed amounts. The third component was then added from a buret until the 
mixture reached the state where the beginning of the formation of two liquid 
phases was indicated. The quantity of the third component added was then 
determined gravimetrically. After titration was finished the average sample 
weighed almost 20 g. 

The titrations were carried out at 20°C. Since the samples were not clear 
at this temperature, they were allowed to w’^arm up and the refractive index was 
then taken at 25°C. 

Aftier the binodal curves were obtained, it was possible to obtain the tie lines 
by simply making up known mixtures in the two-phase region, allowing tliem to 
come to equilibrium at 20°C., and then measuring the refractive index of the top 
layer. This gave the composition of one layer which, coupled with the overall 
composition of the mixture, fixed a tie line. From the several tie lines deter¬ 
mined experimentally for the systems (table 4), Bachman charts (figure 4) were 
constructed and more lines were added by interpolation. 

For the binary system, appropriate portions of the components were weighed 
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TABLE 3 


Binary ayatem carbon tetrachloride-1-propanol 


CAXBON TSTltACBOLOXlDS 

ssrsACrivz index (25*0.) 

CASBON TETSACHLOSIOX 

lEFEACTIVE INDEX (25“C.) 

wight per cent 

0,0 

1.3839 

weight per cent 

66.8 

1.4126 

6.0 

1.3859 

60.2 

1.4160 

10.1 

1.3879 

66.6 

1.4199 

16.3 

1.3906 

70,4 

1.4237 

20.9 

1.3926 

76.1 

1.4276 

26.0 

1.3963 

80.0 

1.4326 

32.6 

1.3988 

84.9 

1.4376 

34.8 

1.4004 

89.7 

1.4433 

40.8 

1.4033 

94.6 

1.4490 

47.9 

1.4076 

100.0 

1.4674 

61.8 

1.4101 
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and mixed and the refractive index measured at 25°C. The total weight of a 
sample was about 10 g. Table 3 gives the data for this system. 

END-POINT CHARACTERISTICS 

Since the “cloud point” method was used in the determination of the liquid- 
liquid equilibrium data, accurate attainment of this end point became of primary 
importance. There is little material in the literature on the appearance of this 
point. Bonner (2), Cline and Dunn (3), and Curtis and Titus (4) describe it as 
the appearance of a haze which becomes opaque on further titration and then 
separates into two layers. For the two systems investigated in this case, the 
end point was not found to be such. The appearance of the end point varied 
with concentration. For small concentrations of one of the non-consolutes 
(concentration here referring to the final value) up to approximately 1 per cent, 
the end point was a blue haze which appeared slowly. In spite of the gradual 
appearance, the end point could still be obtained accurately since, as the end 
point was approached, a drop of titrant became cloudy immediately upon strik¬ 
ing the solution. Therefore it was possible to titrate rapidly until the titrant 
liegan to cloud upon entering the solution. It follows that each additional drop 
cleared moiu slowly, and when the complete dispersion of a drop became very 
slow, the end point was near and the blue haze was watched for closely. 

As the concentration of one of the non-consolutes increased over the range 1-10 
per cent, or it might be said as the concentrations of the non-consolutes ap¬ 
proached each other, the appearance of the end point gradually changed to that of 
a grey mist. The mist appeared much more sharply than did the haze and little 
indication was given of its approach. For this type of end point, titration could 
be made rapidly only after familiarit}^ with the end point had been attained. 
This point, however, was more easily identified than the first. 

Above the 10 jier cent concentration of one of the non-consolutes, neither the 
blue haze nor the grey mist appeared. The end point was indicated by a sus¬ 
pension of fine globules of a second layer in the solution. The point was taken 
at the first permanent, but not dense, .suspension. This end point had to be 
identified ^^^th care since, as it was approached, the suspension of globules formed 
by each additional drop disappeared more slowly and sometimes a suspension 
which seemed to be permanent actually disapix?ared after a while. Here again, 
familiarity with the end point is required to make rapid titrations. 

All thrfH? kinds of end point actuallj'^ consisted of a suspension of a second 
layer, the particles of each type of suspension dififering in size. The blue haze 
was a suspension of extremely fine particles, undetectable with the eye. The 
grey mist was also a fine suspension but detectable with th(‘ eye if observed closely 
enough. The particles of the third type of suspension were of such a size that 
reflected light made them plainly visible to the eye. 

Further titration past the end point rendered the first and second types opaque. 
The second formed two layers and eventually cleared, wliile the first merely 
remained opaque. The third type formed two layers immediately upon further 
titration and could be rendered opaque only by agitation. 
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PLAIT POINTS 

Ths plait points or critical points of the two ternary systems were deter¬ 
mined by extrapolation of the lines on the Bachman charts to intersect with the 
equilibrium curve. The actual procedure is one of trial and error. Its applica¬ 
tion depends upon the accuracy of the data and how closely the data run to the 

TABLE 4 

Tie-line data far the system carbon tetrachloride-1-propanolAoater at 


UPPER LAYER 

LOWER LAYER 

CCI4 

C1H1OH 

ecu 

OHtOH 

wigH pet cent ^ 

weight per cent 

weight per cent 

weight per cent 

12.7 

49.4 

3.6 

32.6 

19 . 2 * 

63.7 

2.2 

27.6 

1.7 

24.9 

23.0 

53.4 

0 . 72 * 

21.5 

28.5 

53.6 

0 . 43 * 

20.2 

35.0 

51.4 

0 . 38 * 

19.5 

39.8 

49.0 

0 . 30 * 

19.0 

44.1 

46.4 

0 . 28 * 

18.7 

51.8 

41.3 

0 . 26 * 

18.5 

63.2 

32.9 

0.2 

16.9 

68.2 

28.8 

0.2 

16.4 

75.0 

23.0 


Tie-line data for the system benzene-1-propanol-water at 

UPFEX LAYEX LOWEK LAYER 


CeH. 

CiHtOH 

C«Hi 

CiHtOH 

weight per cent 

weight per cent 

weight per cent 

weight per cent 

11.0 i 

55.0 

1.9 

28.1 

15 . 6 * 

57.8 

1.7 

25.3 

19 . 0 * 

58.6 

1.4 

23.6 

21.6 

68.6 

1.2 

21.2 

25.0 

58.2 

1.1 

20.0 

27 . 9 * 

57.3 

1.0 

19.2 

34.0 

54.4 

0.9 

18.3 

40 . 8 * 

50.1 

0.8 

18.1 

47 . 2 * 

46.3 

0.7 

17.2 

50.0 

43.6 

0.6 

16.7 

54 . 8 * 

39.8 

1 0.4 

16.3 


* Experimentally determined values. 


plait point. If the data do not fit a straight line closely or are taken over a range 
removed from the plait point, large errors would probably result in the values at 
the plait point. 

In this case, the data are satisfactory for the use of the method. The pro¬ 
cedure is the same as that for obtaining an interpolated tie line, with the 
special condition in mind that the composition of the two phases must be the 
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same. Since the approximate location of the point is kno\vn from the phase 
diagram, usually not more than three or four trials are required. 

The values obtained here for the ternary systems investigated are as follows: 


Water. 

per cent by 
weight 

56.0 

Water. 

per cent by 
weight 

52.3 

40.9 

6.8 

1-Propanol. 

39.8 

1-Propanol. 

Benzene. 

4.2 

Carbon tetrachloride. 




RESULTS 

The carbon tetrachloride ternary system exhibited an interesting character¬ 
istic, in that, during the determination of the tie lines, there was a reversal of 
phase I'elationships. Table 4 shows that for lower percentages of carlx)n tetra¬ 
chloride, the carbon tetrachloride-rich layer is the upper layer while at higher 
percentages it becomes the lower layer. 

With regard to the accuracy of the data, considering the binary system, a 
composition value is accurate to 0.3 per cent. This figure takes into account the 
limiting refractive index values of the system (table 3), and also the fact that 
the Abbe refractometer is readable to rbO.0002. Upon analysis of the ternary 
systems in the same way, the accuracy of a single composition figure l)ecomes 
0.14 per cent and 0.12 per cent as applied to the carbon tetrachloride and the 
benzene, respectively. These latter figures are average values and include the 
difference in accuracy of the readings over different ranges of composition. 
Figure 3 Ix^ars out the variation of accuracy in the ternary systems. 

SUMMARY 

The binodal curves for the two ternary systems benzene-l-propanol-water 
and carbon t-etrachloride-l-propanol-water have been determined at 20°C. 
Refractive-index data for these systems and for the binary system carbon tetra- 
chloride-l-propanol are presented in tabular form. 

Characteristics of end points in “cloud point” titrations are described and a 
method for determining plait points by the use of Bachman charts is explained. 
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INTRODUCTION 

In purely inorganic ternary systems the formation of two coexistent liquid 
phases is a phenomenon of relatively rare occurrence. Examples of such layer 
formation have been found in mixtures of ammonia and water with each of the 
following salts and alkali hydroxides: potassium carbonate (8, 10), rubidium 
carbonate (9), cesium carbonate (9), sodium hydroxide (11), potassium hydrox¬ 
ide (11), zinc sulfate (1), potassium phosphate (5), sodium silicate (10), and 
potassium vanadate (5). Apparently, no other substances thus far have been 
observed to cause separation of two layers in ammonia-water mixtures, although 
others probably exist. Of the systems listed above, only those involving the 
following compounds appear to have been studied quantitatively from the point 
of view of the phase rule: potassium carbonate (2), potassium phosphate (6), 
zinc sulfate (3), and potassium hydroxide (7). In the present investigation 
isotherms of the system ammonia-water-sodium hydroxide were determined in 
part at GO®, 50®, and 40®C. Attention was centered on the liquid-liquid area 
at each temperature, and tie lines were determined by analysis of samples of the 
various conjugate solutions. These phase-rule studies were undertaken in this 
laboratory as a part of the research program attending the development of a 
process for the purification of electrolytic caustic liquors by extraction with 
liquid ammonia. 


APPARATUS 

Because of the volatility of the ammonia, a closed system was necessary for the 
equilibrium mixtures. For this purpose a Pyrex bomb^ capable of withstanding 
an internal pressure of about GOO pounds per square inch, was used as a contain¬ 
ing vessel. The glass provided easy visibility of the mixtures at all times, a 
feature which more than compensated for its fragility. Before use a globe was 
always tested hydrostatically to GOO pounds pressure. During the progress 
of some experiments at 80®C., which were discontinued, two globes actually failed 
in service, one at a pressure of 720 pounds, the other at a somewhat lower pres¬ 
sure. However, the explosions were expected; no serious damage was done in 
either case and the apparatus was designed so that the globes could be replaced 
easily and quickly. In the experiments at G0®C. or below, where the pressures 
never exceeded 400 pounds per square inch, no breakages occurred. 

The apparatus was constructed essentially as shown in the schematic dia- 

* Present address: Reed College, Portland, Oregon. 

^ A standard Crouse-Hinds EV-10 explosion-resisting globe of about 750 ml. capacity. 
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gram (figure 1). Mild steel was used throughout unless otherwise indicated. 
The Pyrex globe, G, was permanently clamped to the circular plate, P. The 
gasket between the ^obe and the plate was cut from a sheet of Garlock No. 907 
packing, ^ in. thick. To help protect the glass from excessive strains, three 
thicknesses of gasket material were interposed between the flange of the globe 
and the clamping ring, C. The cover plate, A, provided access to the interior 
of the bomb. A recessed lead gasket prevented leakage of ammonia. To reduce 
the hazard of flying glass, the bomb was surrounded by two protective wire 
screens as shown. Samples of the liquid phases were removed through tubes 
Ti and T 2 , which were seated in the lid. A, by means of cone joints. Valves 
Vi and V 2 were attached permanently to the sampling tubes. They were stand¬ 
ard i-iti., iron. No. 1728 Lunkenheimer needle valves which were modified on the 
low-pressure side to receive the lower ends of the sample bomb connectors, In 
each case this modification consisted in first boring out the J-in, pipe threads and 
then machining and threading the resulting hole to form a seat for a cone joint 
^milar to the ones in the lid. The upper ends of the connectors were attached, 
again by means of cone joints, to the sample bombs themselves. One of these 
two bombs is shown attached by means of its connector, B, to the valve Vi. 
(The second sample bomb is not shown but is replaced by the cylinder, D, w hich 
was used for adding liquid ammonia to the bomb. This procedure is described 
later.) The pressure gage, E, w'as of steel construction with a scale reading to 
1000 pounds per square inch (±3 pounds). Temperatures were read to 0.1®C. 
by means of a thermometer inserted into the well, W. 

The entire bomb assembly was suspended in a cradle by means of two stub 
shafts (not shown), which were fastened to the edges of the plate, P, at dia¬ 
metrically opposite positions. The common axis of these two shafts ^vas per¬ 
pendicular to the plane of the paper in figure 1. Stirring was accomplished by 
means of a motor-driven mechanism which swung the bomb mount back and 
forth in its cradle through an arc of about 30 degrees. Agitation was made 
more effective by the hea\y st/eel pendulum, F, w’^hich was mounted on the 
thermometer well, W. In the figure, both the pendulum and the thermometer 
well are represented out of their correct relative positions in order to show^ their 
construction more clearly. Actually, the thermometer well should Ix^ visualized 
as being located below the plane of the figure and on the line of sight through the 
vertical axis of the Pymx globe. So visualized, the pendulum support, H, w^ould 
project perpendicularly upw^ard through the plane of the paper. In other w ords, 
the pendulum was mounted so that its axis, H, w’^as parallel to the common axis 
of the tw^o stub shafts of the bomb support. As the bomb swung back and forth 
the pendulum, because of its inertia, sw^ept through the mixtures, producing a 
vigorous stirring action. Short lengths of thin spring steel attached to each side 
of the pendulum bob prevented it from striking the glass at the ends of its 
swings. 

The capacity of each of the sample bombs was approximately 10 ml. The 
inlet needle valves were of conventional design. A mixture of shredded lead and 
graphite was used for packing. There seemed to be little trouble from contami- 
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nation of one sample by portions of a previous sample lodged in the threads of 
the needle valves. This was evident from the fact that the initial weight of an 
empty bomb seldom differed from the final weight after filling, emptying, rinsing, 
and drying by more than 3 to 5 mg. The bombs weighed about 175 g, each 
when empty. 

The bomb assembly was mounted in an air thermostat whose temperature was 
automatically controlled to within 0.2 to 0.3*^C. of the desired value. The front 
and sides of the thermostat were provided with safety-glass windows. The 
entire top was constructed from layers of thin asbestos sheet. This purposely 
flimsy construction of the top allo^ved the force of an explosion to dissipate 
itself ceilingward rather than out through the safety-glass sides. Sliding panels 
in the front of the thermostat allowed access to openings through which the 
arms of the operator could be inserted during the sampling operations (with 
adequat/C protection). 


MATERIALS 

In all the experiments commercial anhydrous liquid ammonia was used with¬ 
out further purification. Save for a few experiments, the sodium hydroxide was 
added in the form of a 50 per cent solution and was siphoned as needed from a 
stock supply protected from the air by a soda lime tube. This solution contained 
the following in amounts greater than 0.1 per cent: sodium hydroxide, 50.2 per 
cent; sodium carbonate, 0.35 per cent; sodium chloride, 0.25 per cent. In a few 
nin.s, where mixtures containing a relatively high percentage of s(Klium hydroxide 
were necessary, solid sodium hydroxide was used. The solid contained 98.0 
per cent scMlium hydroxide and the following impurities in amounts greater than 
0.1 per cent: sodium carbonate, 0.5 per cent; sodium chloride, 0.4 per cent. 

EXPERIMENTAL 

Preparation of the equilibrium mixtures 

After introduction of weighed amounts of sodium hydroxide (usually as 50 per 
cent solution) and water, the major portion of the air was I'cnunTd from the bomb 
by attaching to an aspirator pump for a few seconds. Then anhydrous ammonia 
was added as liquid from a small steel cjdinder (D, figure 1) sjx'cially constructed 
for the puipose.^ Pi-eviously the necessary quantity of ammonia and no more 
had been transferred to the small cylinder from the stock supply in the com¬ 
mercial cylinder. To introduce this ammonia into the bomb, the cylinder D 
was attached as shown in figure 1. The sampling valve, V 2 , Avas next opened a 
fraction of a turn; then the valve, V3, on the ammonia cylinder was opened 
cautiously. The nearly closed low^r valve served to slow down the initial insh 
of ammonia into the bomb. The last portions of liquid w^ere driven from the 
cylinder by wnrming it gently. The cylinder valve w^as next closed and, with 

*This cylinder was constructed by welding two ends into a length of seamless steel 
tubing and attaching a J-in, stainless-steel needle valve. The cylinder could be fitted to 
either of the two sampling valves by means of a cone-joint connector. Its capacity was 
approximately 110 g. of ammonia, although it never was filled completely with liquid. 
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the lower valve still open, the two valves, the ccmnection between them, and the 
region of the cone-joint seat in the lid all were wanned to about 60-70^C. with a 
burner in order to volatilize and drive into the bomb any liquid remaining inside 
the sampling system. Finally Vj was closed and the cylinder removed. The 
difference in the weights of the cylinder before and after gave the weight of the 
ammonia introduced save for the amount of vapor lost to the air from the space 
between the two valves when the cylinder was disconnected and removed. The 
volume of this space was kno^vn and a sufficiently accurate correction could be 
applied for the ammonia so lost (about 0.05 g.). It was foimd desirable to have 
the bomb and its contents preheated to about 40-50®C. before the anhydrous 
ammonia was added, particularly if the sodium hydroxide solution in the bomb 
contained a relatively high percentage of sodium hydroxide. Otherwise large 
masses of solid formed which were extremely difficult to dissolve. (It/might be 
mentioned that ammonia w^as transferred from the stock supply to the small 
cylinder by a procedure much like that described above. Chilling the small 
cylinder caused liquid to flow into it veiy readily.) Whenever it was necessary 
to calculate the overall composition of the complex (condensed phases only), a 
correction w^as applied for the weight of ammonia in the vapor phase in the 
Pyrex globe. The volume of the vapor phase was determined by noting the 
position of the surface of the liquid with reference to calibration marks on the 
outside of the globe. It w^as assumed that the partial pressure of the ammonia 
was equal to the total pressure (gage reading plus atmospheric pressure). The 
specific volume of ammonia at the given temperature and pressure w^as obtained 
from standard tables. 

As might be expected, leaks occurred during several of the runs. A piece of 
moist litmus paper placed inside the thermostat provided a simple and sensitive 
test. If leakage was serious and could not be stopped immediately, the run 
was abandoned and the source corrected. Leakage past the gasket between the 
globe and the plate, P, caused practically no trouble, which was somew'hat con¬ 
trary to expectations. However, it was evident that traces of ammonia were 
escaping from the bomb almost continually, because the litmus nearly ahvays 
would show at least a faint blue color after some 30 sec. in the thermostat. 

Agitation was continued at equilibrium temperature (it0.3°C.) for at least 
2 hr. if only liquid phases were present, or longer if solids were present. Experi¬ 
ment showed that about 4 hr. constituted a sufficient length of time in the latter 
case. The stirring was such that no liquid or solid material w^as splashed up 
onto the lid or sides of the bomb. No liquid w^as observed to condense on the 
lid or its attachments. At no time before the sampling operations did the lower 
ends of the sampling tubes come into contact with the mixture in the low'er part 
of the bomb. Many of the equilibrium mixtures consisted of tw^o liquid phases 
and a solid phase (NaOII •H 2 O). In these cases the composition of the complex 
was chosen so that, starting with no solid present at a temperature somewhat 
above the desired equilibrium temperature and cooling slowly, crystals began to 
separate about 1®C. before this temperature was reached. The amount of solid 
present at equilibrium was thus quite small and did not interfere with the re- 
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moval of liquid samples. Under these conditions the crystals slowly separated 
out as very thin and slightly iridescent plates up to 2 mm. across and were kept 
swirling through the mixture by the stirring action of the pendulum. There 
seemed to be little tendency for supercooling to occur. • 

Removal and analysis of samples 

The sampling manipulations were accomplished by reaching in through the 
small opened panels in the front of the thermostat. This entailed loss of some 
warm air through the opening, but during the complete process, which required 
about 5 min., the temperature in the bomb did not change by more than 0.3- 
0.4®C. First, the evacuated and weighed sample bombs were attached to the 
sampling valves by means of their connectors. Then the bomb assembly was 
tilted in its bearings and clamped in such a position that the lower end of the 
forward sampling tube was submerged to a depth of 3 or 4 mm. below the surface 
of the upper liquid layer. The inlet valve on the sample bomb was opened, then 
the i-in. valve on the main bomb. The pressure of the ammonia vapor imme¬ 
diately forced liquid up into the sample bomb. The latter filled more readily 
if the portion below the letter S had been chilled slightly with a wet cold cloth 
immediately before opening the valves. Finally both valves were closed. The 
bomb was then tilted in the opposite direction until the lower end of the rear 
sampling tube was well below the interface between the two layers, and a sample 
of the lower liquid lajTr was removed in the manner just described. In cases 
where only one liquid phast* was present, two samples of this phase could be 
taken for check, one in each bomb. After re'moval of the sample bombs, the side 
neck of each was washed out thoroughly with water, alcohol, and ether, and then 
dried with a sti-eam of compressed air. Efich bomb could be detached from its 
connector at the joint shown just above the letter B in figure 1. 

After one of the l)ombs had been weighed, a 15-cm. length of rubber tubing 
w^as attached to its side neck and the contents wem allowed to bubble slowly in¬ 
to 200.0 ml. (±0.05 ml.) of standard 2 N hydrochloric acid solution. Then 
the needle screw’, L, was lumoved from the sample bomb and 10-ml. portions 
of water washed through the latter and into the acid solution until the rins¬ 
ings did not affect litmus. The resulting solution w’as made up to 500 ml. in 
a volumetric flask and aliquot portions removed for analysis. Ammonia w^as 
determined by distillation after adding an excess of sodium hydroxide to one 
of the portions. With another portion, total alkalinity was determined by 
titration of the acid solution with standard base. The percentage of sodium 
hydroxide was then calculated by difference. The effect on the analysis of 
the sodium carbonate present in the mixtures was smaller than the unavoidable 
errors of the sampling process and was neglected. 

After completion of a run, the Pyrex bomb was conveniently emptied by tilting 
it nearly horizontally and conducting off the liquid contents through a length of 
small copper tubing attached to the forward sampling valve. The outer end of 
this tubing was fitted with a needle valve and an extension which dipped into a 
liter or tAVo of a mixture of cracked ice and w^ater. Only about 5 ml. of liquid 
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then remained in the bomb, and the ammonia could be allowed to evaporate 
from this without chilling the Pyrex bomb excessively. To prevent corrosion, 


TABLE 1 

Equilibrium mixtures involving two liquid phaeee 


COUPOSXTXON8 OW 8AKP 

Upper Uyvt 

LES (WEIGHT PEE CEHT) 

Lower layer 

PlSSaXTEX 
(POHKDB 
PEE SQUaiE 
INCH) 

PHASES PISBSIIT 

NH« 

NaOH 

NH, 

NaOH 

60®C. 

79.4 

1.4 

7.5 

51.5 

318 


78.7 

78.9 

1.4 

1.5 

7.9 

8.4 

50.8 

50.5 

318 

317 

► Vapor, two liquids, NaOH • H*0 

79.4 

1.1 

7.2 

51.2 

317 


77.5 

1.7 

8.0 

50.0 

310 


73.3 

2.3 

9.5 

47.2 

298 


67.0 

4.3 

12.3 

42.9 

290 


61.8 

6.8 

15.0 

39.4 

275 


54.0 

10.7 

19.8 

35.2 

265 

Vapor, two liquids 

46.9 

14.4 

24.2 

30.9 

263 


43.4 

17.1 

26.2 

29.2 

261 


40.5 

18.9 , 

28.2 

27.6 

262 


40.9 

18.6 

28.7 

27.5 

262 



50^C, 


70.1 
70.0 

69.7 

69.8 

70.2 
70.0 

67.2 

59.4 
54.1 

45.4 

41.9 

3.5 

3.1 

4.0 

3.1 

3.5 
3.3 

4.5 

7.5 
10.2 
15.6 
18.0 

11.2 
11.8 
11.1 
11.3 ! 

11.6 

11.3 1 

12.3 

15.8 1 

19.2 

24.8 

29.2 

44.9 

44.7 

44.9 

44.7 
44.9 

44.9 

42.9 

38.7 
35.5 

30.2 

27.3 

234 

236 

237 

236 

235 

230 

233 

220 

212 

207 

205 

• Vapor, two liquids, NaOH^HjO 

► Vapor, two liquids 

40®C. 

59.4 

7.9 



165 

Vapor, two liquids, NaOH-HjO 

56.6 

9.5 



166 


49.2 

13.0 



155 

Vapor, two liquids 

40.8 

19.1 

28.5 


153 



36«C. 


50.9 


13.0 

20.7 

35.3 

138 


Vapor, two liquids, NaOH*H*0 


the bomb and its attachments were cleaned and dried after each run. The sam¬ 
pling valves particularly were washed with hot water and the interiors steamed 
out and dried with a stream of compressed air. 
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RESULTS 

The experimental results are collected in tables 1, 2, and 3. All those mix¬ 
tures in which two liquid phases occurred are represented in table 1; those in 
table 2 produced only one liquid phase. The pressure values are included to 
give an idea of the pressures withstood by the Pyrex globe. In table 2, the blanks 


TABLE 2 

Equilibrium mixtures irwolving only one liquid phase 


COMPOSmOM OF 
COUPLEX (WEIGHT 
PE* CENT) 

COMPOSITIONS OF SAMPLES (WEIGHT PE* CENT) 

PXESSUKE 

(pounds 

PE* SQUABE 

inch) 

Sample No. 1 

Sample No. 2 

1 

Average 

NHi NaOH 

NHi NaOH 

NHi NaOH 

NIL 1 NaOH 


60®C. 


71.2 

18.2 

93.3 

0.2 

92.9 

0.6 

93.1 

I 

0.4 1 

367 

Vapor, one 

liquid* 



j 







NaOHHjO 


75.0 

74.1 

20.1 

21.1 

97.0 

0.1 

96.9 

i 

1 

0.0 

96.9 

97.0 

0.0 

0.1 

372 

375 

1 Vapor, liqtiid, 

J NaOHHtO 

NaOH, 

56.0 

34.8 

1 

96.3 

0.0 



96.3 

0.0 

373 



50‘»C. 


22.2 i 96.3 

1 

0.0 

96.4 

0.0 

i 

96.4 

0.0 

301 

Vapor, liquid, NaOH, 
NaOH-HsO 

14.2 90.1 

i ! 1 

0.0 1 

1 

90.0 

0.0 

1 

90.1 i 

0.0 

277 

1 

1 

Vapor, liquid, NaOH* 
H 2 O 


TABLE 3 

Liquid-solid equilibria at 26°C, 


LlQUiD PHASE (WtlCHT PE* CENT) | 

I SOLID PHASE (weight PE* CENT)* 

NHi 

NaOH 

NaOH 

NaiCOi 

60.5 

6.6 

60.4 

0.2 

56.7 

8.3 i 

65.7 

1.2 

45.1 

15.0 1 

63.1 

2.7 

24.5 

29.1 

63.9 

0.6 

3.9 

48.4 

64.1 

1.2 


♦ By direct analysis. 


occurring at the 60®C. temperature represent samples accidentally lost. The 
phase diagram (figure 2) is plotted from the data at G0®C. The diagrams 
for 50®C. and 40®C. are similar but are not sho\Mi. Onlj' the liquid-liquid area 
in figure 2 was determined in any detail. The probable appearance of the re¬ 
mainder of the diagram is represented by dotted lines. The solubility of sodium 
hydroxide in pure ammonia was less than could be detected and was assumed 
to be substantially zero. The value for the solubility of sodium hydroxide in 
water at 60®C. (point D) was taken from the literatum (4). Table 3 shows the 
results of a series of runs made at 25®C., where the region of two liquid phases 
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apparently had disappeared completely. No trace of a second liquid phase was 
observed in any of the mixtures. In each of these experiments, anhydrous 
ammonia was added slowly to a sodium hydroxide solution of given concentration 
at 25^C., the addition being stopped as soon as crystals barely began to appear. 
These crystals had the same appearance as those obtained at the higher tem¬ 
peratures in equilibrium with two liquid phases. After about 5 hr. at 26®C. a 
sample of the liquid phase was taken. Then, after removal of the remainder of 
the liquid phase from the bomb in the manner described in the section above, an 
attempt was made to determine the composition of the crystals by direct anal¬ 



ysis. Such a procedure admittedly was subject to large error, principally be¬ 
cause of the difficulty of separating the solid completely from adhering solution. 
However, the Schreinemakers method was not applicable in this case because 
the quantity of solid was far too small. The point representing the composition 
of the complex would have been very nearly coincident with that for the liquid 
phase and extrapolation would have been impossible. By working with all 
possible speed, practically all the crystalline solid (about 1 to 2 g.) was removed 
from the bomb as soon as the lid was taken off. This sample was pressed be¬ 
tween several successive pads of fresh filter paper, the final sandwich being 
poimded vigorously with a hammer. The resulting fairly diy powder was 
quickly placed in a stoppered weighing bottle. Table 3 shows the percentages 
of sodium hydroxide and sodium carbonate found in each of these samples. 
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DISCtrSSlON 

m 

The phase diagram (figure 2) shows a liquid-liquid area, ABCy adjacent to the 
region ACJ5, the latter representing monohydrate and vapor in equilibrium 
with the two solutions of constant compositions A and C. Points on curve 
CHF represent ammonia-rich solutions in equilibrium with monohydrate and 
vapor, while DA is a similar curve for solutions containing relatively high per¬ 
centages of sodium hydroxide. Any mixture whose overall composition falls 
within the triangle EFG separates into anhydrous sodium hydroxide, mono¬ 
hydrate, vapor, and a liquid phase of constant composition, F. It should be 
noted that the point F cannot fall on the H2O-NH3 line, although it appears 
to in the diagram because the solubility of sodium hydroxide in the F phase 
was too small to be determined. The portion of the curve extending from F 
to the apex of the triangle represents ammonia-rich solutions in equilibrium 
with anhydrous sodium hydroxide and vapor. The position of the binodal 
curve changes little as the temperature decreases but it rapidly becomes shorter 
as the two isotheimally invariant points at its extremities approach each other. 
The area of the liquid-liquid region correspondingly decreases. Table 3 shows 
that, by the time the temperature has fallen to 25°C., this area has disappeared 
completely, being replaced by one in which a single liquid phase is in equilibrium 
with a solid phase, presumably Na0H*H20. Although the solid phase data 
of this table are only approximate, it is at least clear that the solid can be no 
higher hydrate than the monohydrate. The dihydrate contains only 52.7 per 
cent sodium hydroxide. In the liquid-liquid region, the tie lines for one isotherm 
are very nearly parallel to each other and to those of the other isotherms, a fact 
which is more apparent if the data for the other temperatures are plotted for 
comparison. 

For the experiment represented by point H a mixture was prepared by adding 
anhydrous sodium hydroxide, water, and anhydrous ammonia to the bomb in 
the order named. A lumpy mixture resulted and it is doubtful whether the 
liquid phase ever attained complete equilibrium ^rith all the solid. Conse¬ 
quently no tie line is drawn in figure 2 for this experiment, although point H 
itself is retained because this point would stiU lie somewhere on the solubility 
curvT. In a similar experiment at 50®C.^, the necessity for any large-scale con¬ 
version of one solid phase into another in reaching equilibrium was obviated by 
introducing solid monohydrate into the bomb initially and then adding a mixture 
of 90 per cent ammonia and 10 per cent water from the small ammonia cylinder. 
In this experiment at 50°C., the Schreinemakers procedure definitely indicated 
that the solid phase was monohydrate. Since the monohydrate is stable over 
the range 50-C0®C., the location of the point E in figure 2 is, then, based partly 
on the data at 60®C. It was intended to make additional runs at each of the 
various temperatures, but the pressing nature of other work made this impossible. 

It is believed that, save for one or two points, the experimental errors were not 
serious enough to shift the points by more than two units of percentage from 
their true positions on the diagram. The sampling operations probably wen^ 

^ The second row under 60®C. in table 2. 
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the most fruitful source of errors. At best, the removal of samples from a 
system such as this is beset with difiBculties. The method chosen was actually a 
compromise between several factors and involved at least the following errors; 
(/) Ammonia vapor was initially present in the sampling tubes and was swept 
into the bomb where it appeared as part of the liquid sample. (S) In the case 
of lower-layer samples a very small quantity of the upper layer always entered 
the lower end of the sampling tube before the latter passed through the interface 
and into the lower layer. This quantity was subsequently carried into the 
sample bomb along with the sample of the lower layer. (8) When the first 
sample was withdrawn the total volume of the vapor phase increased by about 
10 ml. and ammonia vapor escaped from the liquid phases to occupy this space, 
thus affecting the composition of the second sample. To minimize this error, 
upper-layer samples were always removed first. (4) When the first portions 
of liquid entered one of the sample tubes a certain amount of ammonia must have 
Sashed off into the evacuated sample bomb from this liquid. The effect of any 
one of the first three errors was calculated to be not greater than 0.3 per cent in 
any case. No such estimation was possible in the case of the fourth, but it was 
assumed that the main portion of liquid flowing into the sample bomb would 
wash in any initial portion whose composition was altered by the initial flash-off 
of ammonia. At any rate, serious errors of this type would be expected to 
cause a scattering of the experimental points much worse than was actually 
observed. Occasionally one or both the sample bombs failed to fill properly, 
either because of development of back pressure or through formation of plugs by 
crystallization of solids in the tubes. The latter effect was, no doubt, induced 
by flash-off of ammonia and the sudden cooling resulting. Lower-layer samples, 
with their high sodium hydroxide content, were particularly apt to cause plug¬ 
ging. Such occurrences could be detected by large deficiencies in the weights 
of the samples. TheKse runs were discarded. 

SUMMARY 

A Fyrex apparatus suitable for phase-rule investigations up to about 400 
pounds per square inch has been constructed. The major portions of the iso¬ 
therms at G0° and 50°C. have been determined for the system ammonia-water- 
sodium hydroxide. Less complete data are given for 40°, 35°, and 25°C. 

The writer is indebted to Dr. Irving E. Muskat for the adaptation of the Pyrex 
globe to the present experiments and for the design of much of the apparatus. 
Dr. W. F. Waldeck offered numerous useful suggestions regarding the sampling 
technique. Credit also should be given to Mr. Leavitt Gard of the Analytical 
Department of this laboratory for his work in analyzing all the samples. 
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introduction 

The final (static) surface tension of a pure liquid is reached in less than 0.005 
sec. and quite probably in 10““® sec. (4). This minute period of time is required 
for reorientation of the surface molecules to reduce the surface free energy to 
its minimum-value. For solutions the time required for the surface tension of a 
new stationary surface of solution to pass 68 per cent of its way from the water or 
dynamic value to the static value has been calculated on the basis of the diff\i- 
sion of the solute molecules (4) and found to be generally less than 1 sec. 

Experimental observations indicate that even for simple organic molecules 
the actual times taken are greater than predicted from considerations of diffu¬ 
sion alone (11), For colloidal substances the surface-tension values continue 
to diminish with time (1, 3, 13,14,15,17) over an interval which is one thousand 
times or more that required by diffusion alone (6, 16). This extreme difference 
is more than the probable error of the calculations (though they are neceasarily 
approximate) and argues the operation of some other mechanism. A qualita¬ 
tive explanation has been proposed (16) for sodium cetyl sulfate and sodium 
lauryl sulfate. The slow rate of fall of the surface tension is considered as due 
principally to an electric double lay^er, formed by the solute molecules at the 
surface, which retards the further diffusion of ions into the surface. This ex¬ 
planation cannot be extended, however, to cover a similar slow rate of fall of 
surface tension observed in saponin solutions (5), which are I'egarded as non- 
electrolytic (8, page 657). 

In the present paper an explanation is attempted for saponin solutions, based 
on a treatment of data that are already available. While no generality is claimed 
for the present hypothesis, it may be significant that even in those ionic solutions 
where abnormal periods of time are required for the attainment of static surface 

^ Bristol-Myers Company Postdoctorate Fellow in Chemistry, Stanford University, 
1941-45. 
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tension, a pellicle is formed upon the surface (12) when it is compressed. A 
pellicle has been shown to form upon dilute solutions of lauiyl sulfonic acid 
where time effects are prominent, whereas hM are absent in more concentrated 
solutions (13). The formation of solid surface films in saponin solutions is a 
\^ell-known phenomenon. Inasmuch as the present hypothesis postulates a 
surface reaction in saponin solutions as the cause of the abnormal surface ten¬ 
sion, the presence of the solid surface films is well explained. If the same hy¬ 
pothesis is capable of extension to ionic solutions, then the existence of a 
pellicle would be an argument in favor of its validity. 

TIME REQUIBED FOR DIFFUSION 

Two theories of diffusion to the surface permit the calculation of the time re¬ 
quired to reach a static value of surface tension. Few substances illustrate 
better the dichotomy of those theories than does saponin. 

On the basis of the equation of Doss (6), the time necessary to saturate half 
the surface with saponin is 2 sec. for a solution of concentration 0.06 g. per liter. 

Before the equation of Bond and Puls (4) can be used, the variation of static 
surface tension with bulk concentration, as expressed for example by an equation 
of the type first proposed by Szyszkowski (19), must be known. When Szyszkow- 
ski’s equation is applied to data for saponin, an approximate fit—^and only for 
the more dilute solutions—is obtained. That is sufficient, however, as only an 
order of magnitude is expected in the answer. With this caveat the Szyszkowski 
equation for the data of Boutaric and Berthier (5) on saponin solutions is given: 

7h20 — 7 = O.I 6 I 7 H 2 O log^l + 2 5 k 

where y is the static surface tension and c is the bulk concentration. 

In the derivation of this equation the molecular weight of saponin is taken 
as 732.5, the value given by Tschesche (20) for the commonest saponin, gysoph- 
ila saponin. 

The agreement of equation 1 A\ith the observed data is ±6 per cent, as shown 
by the following comparison: 


c (in grams per liter).... 

0.050 

0.125 

0.275 

0.300 

0.375 

7 (calculated). 

55.8 

51.2 

47.3 

46.8 

45.7 

y (observed) . 

52.3 

50.4 

48.1 

47.4 

47.0 


When the constants in Szyszkowski’s equation and a value for the diffusion 
constant of saponin of 2.93 X 10"“* cm.^ per second are used, the equation of 
Bond and Puls gives a result of 3§ hr. for the surface tension of a new, stationary 
surface of a saponin solution to pass 68 per cent of its way from its dynamic 
value to its final static surface tension. 

It has been pointed out, however, in the first paper of this series (18) that the 
agreement, in order of magnitude, between the actual time required and that 
predicted by the equation of Bond and Puls is not necessarily a proof that diffu- 
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sion to the surface is the functioning mechanism. The arguments there ad¬ 
vanced cast the greater share of probability on the value of a few seconds as 
correct for the time required for saponin to diffuse to the surface. 

DYNAMIC SURFACE TENSION 

The data of Boutaric and Berthier (5) are employed in the development of 
the present argument. A du Noiiy tensiometer was used to measure the varia¬ 
tion of surface tension with time for different concentrations of saponin at a 
pH of 4.16. The use of the ring method has been criticized (3) because of the 
local disturbance of the surface by the removal of the ring; however, the tests 
of Nutting, Long, and Harkins (16) on aged surfaces indicate that the most 
violent motion of the ring on the surface does not introduce a variation of more 
than 1 per cent. 

The time required for a single determination by the ring method, although 
only a matter of seconds, is still too long to permit the observ^ation of a dynamic 
surface tension. It has already been indicated that diffusion and adsorption 
of saponin at the surface take place within a few seconds and the true dynamic 
surface tension exists only instantaneously. This is borne out experimentally 
by measurements of d>Tiamic surface tension (2, 9, 17). At zero age of surface 
the surfa(‘e contains no higher concentration than does the bulk. For low con¬ 
centrations of the bulk liquid, the tension at such a surface may be presumed to 
differ only slightly from that of pure water. For a certain solution of saponin 
Lord Rayleigh (17) obtained data by the vibrating jet method; his data were 
later calculated by Freundlich ( 8 , page 534) with the following results: dynamic 
surface tension = 71 dynes per centimeter; static surface tension == 51 dynes 
per centimeter. 

Hy extra})olation of an empirical equation Boutaric and Berthier (5) obtain 
the surface-tension value “at zero time”. The values thus obtained (table 1, 
l:>elow) aie about 10 dynes per centimeter lesvS than the value for pure w^ater 
and hence cannot be true d>mamic surface tensions. It is no mere graphical 
error in the extrapolation that reduces the zero time value b}^ this amount; the 
abscissae of the graph wuuld have to have a value for time as low^ as —20 min. 
for 7 = 72 dynes pen* centimeter. This is too great to make it reasonable 
that the same process operates continuously in lowering the surface tension 
from its true dynamic value. It is necessary to assume that tw’o mechanisms 
ai*e at w'ork: the first, taking place instantaneously after the formation of the 
surface, lowurs the surface tension as a result of diffusion and adsorption at the 
surface; the second proceeds at a much slowur rate and continues to cause a 
lowering of the surface tension over a long time interval. In figure 1 the curve 
AB (exaggerated on the time scale) represents the first process and the curve 
BC of greatly smaller slope represents the succeeding one. The extrapolation 
of the curve BV meets the vertical axis at the zero time value ( 70 ) recorded by 
Boutaric and Berthier. This value is perhaps best termed a semi-dynamic 
surface tension. 

It is supposed that the initial rapid change of the surface tension (portion 
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AB of figure 1) is due to adsorptioii. llie ccmditions under \duch surface 
forces act at any boundary are always amilar; it is, therefore, permissible to 
apply the classical parabolic adsoiption isotherm in this place, to obtain a value 



Tims In Mlnufst 

Fig. 1. Decrease of the surface tension of saponin solution with time, showing two 
processes in sequence. 

for the surface concentration when the process AB is completed, but the process 
BC has not yet commenced. The surface tension at that state is the semi- 
dynamic value, 7o, obtained by Boutaric and Berthier. 

ADSOKPTION AND SURFACE CONCENTRATION 

Boutaric and Berthier (5) do not attempt to express their results for 70 as a 
function of the concentration in the bulk liquid. Their data, however, fit the 
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empirical equation: 

> log Cb - 0.29A - 3.9 (2) 

where Ch is the concentration in the bulk liquid in grams per liter, and A is the 
lowering of the surface tension extrapolated to zero time (7H20 ““To). A 
comparison of results calculated by equation 2 and those found by Boutaric and 
Berthier is given in table 1 . The empirical equation 2 expresses the results, 
within the concentration range investigated, with an accuracy of ±1 per cent. 

The values of 70 are the extrapolated values to zero time of the slower reaction; 
they are, therefore, very close to the surface-tension value at the end of the initial 

TABLE 1 


Comparison of results for semi-dynamic surface tension of saponin solutions 


Cb 

70 (SE7ESZNCE 5) 

7« (EQUATION 1) 

grams per liter 

dynes per centimeter 

dynes per centimeter 

0.06 

62.3 

62.9 

0.125 

61.5 i 

61.5 

0.275 

60.7 

60.3 

0.300 

60.6 

60.2 

0.375 

59.8 

59.9 

0.500 

59.0 

59.4 

1 ! 

58.4 

58.4 


adsorption. If we now suppose that the initial rapid adsorption is related to 
the concentration of the bulk liquid by an expression similar to the adsorption 
isotherm, then: 

C. = aCl'" (3) 

where t', is the surface concentration, (^6 is the bulk concentration, and a and 
1 /n are constants. E(iuations 2 and 3 can be related to express the surface 
tension as a function of the concentration in the surface, as follows: 

From equation 3 

log (""6 == n log C 9 — n log a 
Substituting in equation 2 gives: 

1 ^ C. . (4) 

Equation 4 is of the same form as equation 2, with a different slope and intercept 
on the vertical axis. 

By means of equation 4 it is possible to calculate the variation of surface con¬ 
centration with time, from the data on the variation of surface tension with 
time. The assumption underlying such a calculation is that changes in surface 
concentration are alone responsible for changes in surface tension; hence any 
value of 7 depends on the value of C, and is independent of the concentration 
in the bulk liquid. For this reason the symbol A, correctly defined for equation 
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2 as (thjo yo), is redefined for equation 4 as (ynjo y), where y is the surface 
tension when the surface concentration is C*, independent of the value of the bulk 
concentration Cb- 



Fig. 2. Variation of surface concentration (arbitrary units) with time for saponin solu¬ 
tions of different bulk concentrations (grams per liter). 

To perform the calculation accurately the values of the constants a and 
1/n should be known. Arbitrary values being assumed for the constants (a = 2; 
1/n = 3), figure 2 depicts the course of the variation of surface concentration 
with time, calculated from the data of Boutaric and Berthier. The shape of 
these curves suggests an autocatalytic process, causing an accelerating increase 
in the concentration at the surface. 
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HYDROLYSIS OF SAPONIN 


When possible reactions of saponin at the surface are considered, the question 
of its hydrolysis is the first one that is raised. Hydrolysis of saponin is in¬ 
hibited in basic and even in neutral solution. The variation of the surface ten¬ 
sion of saponin with pH is not a general phenomenon, as certain kinds of saponin 
alter in one direction, wliile other kinds alter in the opposite direction ( 10 ). 

Experiments of the same type as those of Boutaric and Berthier were con¬ 
ducted in this laboratory, using a Cenco-du Noiiy t;ensiometer and a special 
vessel (designed by Dr. J. V. Robinson) to prevent evaporation of the solutions 
on standing for extended periods of time. The variation of surface tension with 
time was measured for buffered saponin solutions of pH= 4.0, 7.0, and 8 . 8 . 
In each case the phenomenon of a drop in surface tension over a long time in¬ 
terval was observed. Only the data for the neutral solution can be fitted to an 
equation of the type given by Boutaric and Berthier (5); in the other cases the 
data confonn to an equation of the type given by Bond and Puls (4): 


7 


7 + (70 



Whatever may be the i-eason for the change in the form of the time function, 
the drop of surface tension vdth time continues to take place even when the 
hydrolysis of the saponin is non-existent. The phenomenon is therefore not to 
be ascribed to a hydrolysis reaction at the surface. 


ORDER OF THE REACTION AT THE SURFACE 

Changes in surface concentration can be tieated by the methods of cliemi(^al 
kinetics to determine the order of the reaction. Two empirical equations are 
available; equation 4 relating surface concentration and surface tension, and the 
exponential equation of Boutaric and Berfhier relating surface tension and 
time, 

7 = 7 + (70 - 7)e““‘ (5) 

where 7 is the surface tension at time t and y is the surface tension at the end of 
infinite time. By manipulating these equations an expression for reaction rate 
can be obtained, but it requires some approximating before it can be reduced to a 
familiar form. The mani{)ulation of interpolation equations, however, gi\ es at 
best only inconclusive evidence. A more direct method is the use of the original 
data. 

When the curves of figure 2 are plotted with the surface concentration on a 
logarithmic scale, the first part of the curve in each case is a straight line. The 
linear nature of the relation is maintained indepc'iidently of whatever arbitrary 
values are assumed for the constants in equation 3. The straight lines obtained 
for different concentrations of the bulk liquid are shown in figure 3. The slopK\s 
of the straight lines vary only slightly. For values of the time greater than 15 
min., the points begin to deviate more and more from the straight line. The 
use of equation 4 is no longer pemiissible when the lowering of the surface ten- 
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sion becomes greater than the extent of the data reported in table 1. When ex¬ 
trapolated, equation 4 calls for an unlimited increase in surface concentration, 
whereas there must be an upper limit in any practical case. 



'Time in Minutes 

Fig. 3. Logarithm of the surface concentration of saponin solutions plotted against time, 
showing linear relation and nearly the same slope for different bulk concentrations. 

An examination of figure 3 indicates the operation of a simple reaction mecha¬ 
nism. Let A represent the formula of a molecule of solute and A* represent the 
formula of the same molecule after it has undergone a change, such as re-orienta¬ 
tion (incipient crystallization), denaturation, or any other surface reaction that 
makes it differ in some quality from solute molecules of the bulk. The follow- 
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ing autocatalytic reaction is postulated: 

A -f* Af —> 2A* 

The velocity of reaction is given by: 

d(A.)/di = fc(A.)(A) 

In order to transform this equation into one conformable with figure 3, (A) must 
be constant. Then: 

d(A.)/d^ - K'{A.) 

Integrating, (G) 

log (A.) ^K^t +I 

where I has the value log a(A) (from equation 3). 

TV 

Equation 6 now has the form expected from the lines of figure 3, except that 
the slopes, as they depend on the value of (A), would be expected to show 
greater variation. There is visible only a slight tendency for the slopes to as¬ 
sume higher values with increase in the concentration of the bulk liquid, and 
even that tendency is reversed by the most concentrated solution. The physical 
meaning is that not only is (A) constant during the course of the reaction, but 
also (A) is virtually independent of the concentration in the bulk liquid. The 
value (A), therefore, cannot refer to concentrations in the bulk licpiid. This 
suggests the possibility of an adsorption of A molecules on the A* layer or skin. 
The adsorption of the second layer, although proceeding from bulk solutions of 
very different concentrations, could nevertheless remain virtually independent 
of the bulk concentration, if an application of the adsorption isotherni is valid. 

The foregoing hypothesis for aqueous saponin solutions is strengthened by the 
well-kno'wn phenomenon of solid surface films and denaturation in such solu¬ 
tions. Nevertheless, the hypothesis of an autocatal^Tic surface reaction is not 
confined in its application to solutions w^here surface denturation is known to 
occur. Soluble films have been shown to exist on aged surfaces of solutions of 
caprylic acid, hydrocinnamic acid, and plienol, whereas the surfaces of freshly 
swept solutions seem more nearly to resemble water (7). The existence of a 
semi-soluble pellicle in some solutions and a concomitant time effect in attaining 
final static surface tension (7, 12) could also be explained by a similar hy¬ 
pothesis, where the autocatalytic process refers to association or cry stallization 
rather than denaturation. A slow’ attainment of a static value for interfacial 
tensions has been reported lucently (21) and may also be due to a similar cause. 

SUMMARY 

Data for the change of surface tension with time in aqueous saponin solutions 
are inteipreted on the basis of an autocatalytic leaction between molecules 
already sorbed upon the surface and molecules captured by them from a layer 
just underneath. The data aiu found to l>e in general conformity’ with such an 
explanation. 
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POLAROGRAPHIC BEHAVIOR OF ALKALINE EARTH METALS. II 

The PoLAROGRAPHic Determination of Calcium Alone and in the Presence 
OP Other Alkaline Earth Metals 

I. ZLOTOWSKI AND I. M. KOLTHOFF 

School of Chemistry J Institute of Technology ^ University of Minnesota f Minn>eapolis, 

Minnesota 

Received February B7, 1946 

In a previous paper (7) the polarography of barium and strontium has been 
discussed. The polarographic behavior of calcium has been studied by Kamura 
(2) in the presence of tetraethylammonium salts as supporting electrolytes. He 
found that the calcium waves start at about —2.2 volts (vs. the saturated calo¬ 
mel electrode == S.C.E.). The waves displayed pronounced maxima which could 
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not be suppressed. Consequently, calcium could not be determined polaro- 
graphically. In the present paper we have investigated the' polarographic 
behavior of calcium in water and in water-ethanol mixtures. A procedure has 
been developed for the polarographic determination of calcium, and also of the 
simultaneous determination of barium, strontium, and calcium when present 
together. For experimental details reference is made to the previous paper (7). 



Fig. 1. Calcium-ion maxima in water and in water-ethanol mixtures. Tetraethylam- 
monium iodide as supporting electrolyte. 0.0012 N calcium. Initial drop time, 3.0 sec. 

CALCIUM WAVES IN SIMPLE CALCIUM-ION SOLUTIONS 

The current-voltage curs^es of calcum show very pronounced maxima in water 
solutions. The usual maximum suppressors do not eliminate this maximum. 
In the present work it was found that in ethanol-water mixtures the maxima of 
calcium waves are considerably suppressed. The shape of the waves as well as 
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the hei^t of the calcium-ion maxima was found to be dependent greatly on the 
alcohol concentration. In aqueous medium the waves show very acute peaks 
which change to smoothly rounded curves in media containing over 50 per cent 
ethanol. The height becomes smaller, the hi^ier the alcohol concentration 
(figure 1). 



Fig. 2. Polarograms of calcium in 80 per cent ethanol. Curve 1, 0.00060 N calcium; 
curve 2,0.00107 N calcium; curve 3, 0.0031 N calcium. CcaiC'cai ■■ 18:6.2. iiiU'ii 
» 1:2.8:7.0. 

It is to be emphasized that the height of the observed maxma increases with 
the amount of calcium in the solution. However, there is no linear proportion¬ 
ality between the current at the potential at which the peak of the curve is 
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reached and the caldum-ion concentration. As a rule an increase of the latter 
causes a manifold greater increase in the peak current (see figure 2.) How¬ 
ever, even in 80 per cent ethanol the maxima still occur and cannot be eliminated 
by further increase of alcohol concentration. From the curves in figure 1 it is 
evident that it is hardly possible to measure the diffusion current of calcium in 
water or in 25 per cent ethanol. After the maximum, the current decreases to a 
fairly acute minimum, after which the current increases by the discharge of 
hydrogen. On the other hand, m 50 per cent and especially in 80 per cent eth¬ 
anol a practically horizontal plateau is found, corresponding to the diffusion 
current of calcium. 

From the data in table 1 it is seen that the diffusion current constant de¬ 
creases with increasing alcohol concentration. From figure 1 it is seen that a 
maximum occurs even in 80 per cent ethanol. We found that the elimination of 
maxiina in calcium-ion solutions containing 50 per cent or more ethanol can be 

TABLE 1 


Diffusion current constant of calcium in water and in water-ethanol mixtures with 
teiraethylammonium iodide as supporting electrolyte 


Medium. 

H,0 

25 per cent 
CjHeOH 

50 per cent 
CaHsOH 1 

1 80 per cent 

1 C 2 H 6 OII 

Diffusion current constant of Ca^+, 
in jua* per mole per liter . . 

9.17 

8.S» 

5.65 

4.33 


* Microamperes. 


accomplished easily by the addition of barium ions to the mbctui'e. Actually, a 
concentration of barium ions of 3.5 X 10“® M was ample to eliminate the maxi¬ 
mum in a millimolar solution of calcium chloride in 50 per cent ethanol (figure 3). 
The fact that a further increase of the barium-ion concentration (table 2) does 
not affect the diffusion current constant of calcium is evidence of complete 
elimination of the maximum. In order to get a regular S-sliap(‘d wave, it is 
necessary to keep the barium-to-calcium concentration ratio in the solution 
above a certain limiting value. According to the experimental data showm in 
table 2, a barum-ion concentmtion of about 4 per cent of that of calcium present 
in the solution is needed in order to eliminate the maximum. In an extensive 
investigation we found that this 4 per cent limiting ratio is adequate over a 
relatively wide range of calcium-ion concentrations (0.5 to 5 millinormal). It 
should be noted that in aqueous solutions barium ions are not as effective as in 
alcohol-water solutions. Although the maxima are practically eliminated, the 
calcium waves obtained have an abnormal shape which makes the measurement 
of the diffusion current very uncertain. 

Since the calcium maximum is a negative one (i.e., it occurs on the negative 
side of the electrode capillary curve), it is to be expected that trivalent cations 
should be more effective than barium in eliminating the calcium maximum. 
These expectations have been confirmed fully by the use of lanthanum solutions 
as suppressors of calcium maxima. We found (table 3; figure 4) that about a 
5 X 10“® M concentmtion of lanthanum chloride completely eliminates the 
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maximum, giving a regular diffusion wave in a 10*^ M aqueous solution of cal* 
cium chloride, while a 10'^ M concentration of barium chloride in the same cal* 



Fig. 3. Suppression of calcium maximum in 50 per cent ethanol. Cc»^+ ■» 0.00172 N, 
Drop time at ir « 0 is 2.9 sec. Tetraethylammonium iodide as supporting electrolyte. 
Curve 1, no barium; curve 2, CBa++ ~ 1-8 X 10~W; curve 3, * 3.15 X lO^^Af; curve 4, 

CBa++ * 7.4 X 10-»M. 

TABLE 2 


The eliminalion of the calcium wave maxima by means of barium chloride 
* 0.00086 M (Cl); medium, 50 per cent ethanol 


BAUllTM-lON CONCENTBATION 

(CO 

Cl/Cl 

DIFFUSION CUMENT CONSTANT 

moles per liter 


i»a per miUimole per liter 

0 


5.65 

1.8 X 10-» 

2.1 X 10~* 

5.25 

3.6 X 10-*^ 

4.1 X 10-» 

5.10 

7.4 X 10“« 

8.3 X 10“* 

5.00 

1.4 X 10-“ 

1.6 X 10-* 

5.05 


cium solution still gives a wave which is abnormal in appearance. Therefore, 
from the analytical point of view, lanthanum appears to have a great advantage 
over barium as a suppressor of calcium maxima in aqueous medium. It is appar- 
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ent from the figures in table 3 that the calcium diffusion current (corrected for 
the residual current of the supporting electrolyte and the diffusion current of 

TABLE 3 

The eliminaiion oj the calcium wave maxima by means of lanthanum chloride 


Ccei** 0.00088 M (Ci); medium, water 


UmBAinm-lON COMCEMnATIOM 

(C.) 

Cf/Cx 

D1VFD5ION CUXUMT CONSTANT 

moles per liter 


fia Per millimole per liter 

0 


(M0.20) 

7,0 X 10-* 

8.0 X 10-» 

(-^.60) 

5.0 X lO-'^ 

6.7 X 10”* 

6.85 

1.1 X 10”< 

1.3X10”! 

5.90 

3.0 X 10”^ 

3.4 X 10”! 

5.90 



Fig. 4. Suppression of calcium maximum by lanthanum in water. Drop time at x * 
0 is 3.05 sec. 0.16 N tetraethylammonium iodide as supporting electrolyte. Curve 1, 
CLa+++ « 7 X 10“«M; curve 2, « 5 X 10”W; curve 3, Cul^+ « 1.1 X 10"W. 


added lanthanum) is practically constant when the concentration ratio of lan¬ 
thanum to calcium ion is 5 j^r cent or more. It will be noted that the accepted 
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tABLE 4 

C<mpariaon barium and lanthanum, at maximum tupprttaore of 0.001 M calcium in uiater 



and water-ethanol mixtvree 



POTENTIAL IN VOLTS 


Fig. 6. The wave and the log i/u - i plot of 1.2 X lQr*N calcium in water. 0.08 N 
tetraethylammonium iodide as supporting electrolyte. 0.001 M lanthanum as maximum 
suppressor. Slope « 0.050/1.80 - 0.028. 
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values of the diffusion current correspond to the ordinates of the inflection points 
of the polarograms obtained. 

The use of lanthanum is less suitable in alcohol-water solutions because 
lanthanum ions themselves give a slight maximum in solutions containing more 
than 25 per cent ethanol, thus making the determination of calcium diffusion 
currents less accurate. Therefore, barium is recommended as a maximum- 
eliminating agent in alcoholic solutions. 

The minimum concentrations of either barium or lanthanum chloride suflB- 
cient for a complete elimination of maxima in 10“* M solutions of calcium chlor¬ 
ide in water and in various alcohol-water mixtures are given in table 4. 



-2.075 -2J75 -2.275 V. 


Fig. 6 . Log plots of calcium waves in water-ethanol mixtures. Curve L in 80 per cent 
ethanol; curve 2, in 50 per cent ethanol; curve 3, in 25 per cent ethanol; curve 4, in water. 

In neutral aciiieous or ethanol-water solutions which, in addition to the re¬ 
quired amount of supporting electrolyte, also contain enough barium or lan¬ 
thanum ions to eliminat/C calcium maxima, the reduction of calcium appears to 
be reversible. The equation of the wave is given by the Heyi'ovsky-Ilkovid 
equation for a divalent ion. Several polarograms have been analyzed by plot¬ 
ting log (f/fa—0 vs, the cathode potential. An example of such an analysis is 
^ven in figure 6, in which both the polarograpliic wave and the log plot of the 
diffusion current of calcium in aqueous solution are given. The log plot yields a 
straight line with a slope of 0.028, while according to the Heyrovsky-IlkoviS 
equation the theoretical slope is 0.029 at 25®C. Some log plots obtained in 
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ethanol-water mixtures are pven in figure fi. In all cases straight lines are ob¬ 
tained with slopes conforming within the experimental error to the Heyrovsky- 
IlkoviC equation. Finally, the data summarized in table 6 and graphically pre¬ 
sented in figure 7 show the dependence of the calcium half-wave potential upon 

TABLE 6 


The dependence of the half-wave potential of Ca+'*' upon the ethanol concentration 


Medium. 

H,0 

25 per cent 
CjHsOH 

SO per cent 
C.H.OH ! 

80 per cent 
CiHtOH 

00 per cent 
CsHsOH 

CsHsOH 

Half-wave potential ve. 
S.C.E. 

\ 

-2.220* 

-2.180t 

-2.166t 

-2.126t 

-2.115t 

(~2.10)t 


* Maximum eliminated by addition of La*^**"^ ions, 
t Maximum eliminated by addition of Ba++ ions. 
t Extrapolated value. 


TABLE 6 


Proportionality between diffueion current and calcium-ion concentration 


(All maxima eliminated) 


- 2.9 sec.; ird.«. * —2.26 volts 

to « 2.9 sec.; ird.«. * —2.30 volts 

HsO 

5 X 10-* to 10 X 10-* M 

25 per cent CsHiOH 

S X 10 -* to 8 X 10-* M Ba*-^ 


Id 

id/C 


»d 

id/C 

millimoles per liter 

#*<* 

fsa per millimole 
per liter 

millimoles per liter 

na 

fia per millimole 
per liter 

0.375 

2.17 

5.79 

0.315 

1.73 

5.49 

0.505 

2.95 

5.85 

1.06 

5.97 

5.63 

0.885 

5.22 

5.90 

1.88 

10.73 

5.72 

2.06 

12.48 

6.06 





h 2.9 sec.; ird.©. ■■ —2.40 volts 


h * 3.0 sec.; ird.». ■■ —2.30 volts 


50 per cent CsHiOH 
5 X 10"* to 8 X 10 -* M 


^Ca++ 

id 

id/C 

millimoles per liter 

jta 

tM per millimole 
per liter 

0.22 

1.08 

4.91 

0.50 

2.36 

4.72 

0.88 

4.40 

5.00 

1.57 

7.99 

5.08 

2.75 

13.28 

4.83 


80 per cent CsHiOH 
5 X 10"» to 8 X 10-^ M 



•d 

id/C 

millimoles per liter 

i*a 

tia per millimole 
per liter 

0.43 

1.81 

4.21 

0.83 

3.57 

4.30 

1.525 

6.33 

4.15 

2.045 

8.18 

3.99 


the alcohol concentration. As was found with the other two alkaline earth 
metals (7), the half-wave potential of calcium is practically a linear function of 
the alcohol concentration. 

Fiom the experimental data presented in table 6 it is seen that in both aqueous 
and ethanol-water media there is a satisfactory proportionality between calcium 
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diffusion currents and calcium-ion concentrations provided that the maxima 
are eliminated by means of barium or lanthanum salt solutions. It should be 
mentioned, however, that in order to keep this proportionality within 1 to 2 
per cent, the concentration of calcium ions in water should be kept between 
0.00026 to 0.001 M and in alcohol-water mixtures below 0.0025 M, 



Fig. 7. Half-wave potential of calcium (rs. S.C'.E.) as function of alcohol concentration 

TABLE 7 


The dependence of the calcium diffusion current upon alcohol concentration 
(CtH 6 ) 4 NI as supporting electrolyte; Cca++ varied between 0.00025 and 0.001 Af; 
concentration of supporting electrolyte =* 0.05 to 0.2 M 


Medium. 

H,0 

25 per cent 
CaHsOH 

50 per cent 
C^HsOH 

80 per cent 
CtHsOH 

90 per cent 
CaHsOH 

CaHfiOH 

Diffusion current con¬ 
stant in pa per milli¬ 
mole per liter.. 

5.90* 

6.50t 

s.oot 

4.30t 

4.40t 

(4.55)§ 


* Maximum eliminated by addition of La^^"^ ions. 

t Maximum eliminated by addition of ions. 

i Practically the same values with and without suppression of maximum by Ba'**^ ions. 

§ Extrapolated value. 

The alcohol concentration dependence of the calcium diffusion curiunt is evi¬ 
dent from the data given in ta-ble 7. Accepting the value of calcium-ion mobil¬ 
ity in water as given in the literature, it is possible to compare the experimental 
diffusion current constant in water solution with that calculated from the IlkoviS 
equation (4). The mobility of calcium ion at 18°C. imported by Fergusson and 
Vogel (1) is 62,18 cm.* per ohm equivalent. Taking the temperature coefficient 
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equal to 0.024 as given by Kohlrausch (3), the mobility at 26®0. should be 61.0 
cm.* per ohm equivalent. The diffusicm coeflicient of calcium icm as calculated 
by means of the Nemst formula is: 

*= 2.67 X 10“^ X 61.0 X i = 8.14 X 10^ cm.* per second 

Hence, the diffusion current constant 

K(h^) = 605 X 2 X (8.14 X lO*^)* X 1.74 = 6.05 microamperes per mole per 

liter 

as compared \vith the experimental value of 5.90. This agreement indicates that 
when the maximum is eliminated satisfactorily and correction is made for the 

TABLE 8 


Diffusion coefficient of Ca“^+ in ethanol-water mixtures (calculated by means of the 

IlkoM equation) 


Medium. 

HjO 

25 per cent 
C^HbOH 

50 per cent 
CbHbOH 

80 per cent 
CbHbOH 

90 per cent 
CiH,OH 

CbHbOH 

D X 10® cm.® per second. 

7.86 

6.83 

5.64 

4.17 

4.37 

(4.65)* 


* Extrapolated value. 



Fio. 8. Diffusion coefficient D and diffusion current constant of calcium as function of 
ethanol concentration. 

residual current, the Ilkovifi equation is obeyed within 2.5 per cent over a con¬ 
centration range from 2.5 X to 1 X 10“* ilf. 

Assuming the validity of the Ilkovid equation in alcohol-water mixtures, it is 
possible to compute the diffusion coefficients of calcium ions in water-ethanol 
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mixtures of various concentrations. The data obtained have been summarized 
in table 8 and plotted in figure 8. It is interesting to note that the curve in fig- 

TABLE 9 


Calculated equivalent conductances at infinite dilution of Ba * ^» Sr Ca^ ^ at $6^C. in 

sq. cm. per ohm equivalent 


ION llEDICU 


Sr^-+ 

Ca+^ 

Absolute 

Relative 

Absolute 

Relative 

Relative 

Absolute 


values 

values 

values 

values 

values 

values 

Water ... 

64.21 

1.00 

60.3 

1.00 

61.0 

1.00 

50% ethanol 

44 0 

0.68 

42.1 

0.70 

42.1 

0.69 

80% ethanol 

36.0 

0.64 

32.6 

0.64 

31.1 

0.61 

90% ethanol. 


0.58 

! 

0.55 


0.56 

100 % ethanol. 


0 62* 


0.60* 


0.69* 


* Extrapolated. 



Fig, 9. Relative equivalent conductances at infinite dilution of alkali and alkaline earth 
ions in water-ethanol mixtures. Curve I: X, barium ion; A, calcium ion; o, strontium ion. 
Curve II: X, potassium ion; A, sodium ion; o, lithium ion. 

ure 8 shows a well-pronounced minimum in about 85 per cent ethanol. With the 
aid of both the Nemst formula and the IlkoviJ equation, we have calculated 
from the experimentally determined diffusion current constants the equivalent 
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ccmductances of all three alkaline earth metals (see reference 1) at infinite dilu¬ 
tion in various aloohol-water nuxtures. The results of our computation are 
given in table 9. Fiem the data, the conclusion may be drawn that the relative 
decrease of the observed equivalent conductances with increasing alcohol con¬ 
centration is practically the same for barium, strontium, and calcium. 

It is interesting to compare the change of the relative mobility of the alkaline 
earth ions with that of the alkali ions in water-ethanol mixtures of var 3 dng com¬ 
position. This is done in figure 9. It is seen that the relative change of the 
equivalent conductance of the alkali ions^ with increasing ethanol concentration 
is the same for potassium, sodium, and lithium, and much greater for the alkali 
ions than for the alkaline earth ions. Thus, the relative change of the mobility 
of these cations in going from water to alcohol aa a solvent is independent of the 
ionic size (or degree of hydration). Apparently, it is the valence of these cations 
which determines the effect of ethanol upon their relative mobilities. The mag- 

TABLE 10 


Barium and calcium diffusion current constants in mixtures o/ and 
(No other maximum eliminators added; K » diffusion current constant; medium, 

50 per cent ethanol) 


COMPOSITION OP SOLUTION 


DXTSXMINED AT Wd.e. —2.00 
VOLTS 

DKTEXMINED AT Vd.9. " —2.20 
VOLTS 

In 

solution 

with 

calcium 

(a.) 

In 

solution 

without 

calcium 

(bi) 

A - 

1 

In 

solution 1 
with 
barium 
M 

Just 
enough 
barium to 
eliminate 
the 

(bi) 

A - 

b. 

b, ”” 

miUimoUs per liter 

0.16 Ba++ + 1.6 Ca++. .. 

2.12 Ba++ + 0.32 Ca++. 

10,0 

0.16 

6.16 

6.02 

6.10 

6.10 

-hl.2 

-1.6 

4.96 

6.14 

6.00 

6.00 

per cent 

-1.0 

+2.8 


nitude of this effect decreases with increasing charge of the ions. We intend to 
make a more systematic study of this interesting subject and reserve further con¬ 
clusions for futui-c work. 

SIMULTANEOUS DETERMINATION OF BARIUM, STRONTIUM, AND CALCIUM 

Since barium is an excellent agent for eliminating the maxima of the calcium 
wave, it is reasonable to expect that in a mixture of calcium and barium it should 
be possible to determine both metals with the ordinary accuracy of 2 to 3 per 
cent. These expectations have been confirmed by a series of measurements 
carried out in both water and alcohol-water media with mixtures of barium and 
calcium in the presence and absence of strontium. It is interesting to point out 
that strontium ions affect the calcium maxima very slightly, if at all. The re¬ 
sults summarized in table 10 show that the polarographic analysis of mixtures of 

1 The values have been calculated from polarographic data given by 1. Zlotowski and I. 
M. Kolthoff: J. Am. Chem. Soc. 64, 1297 (1942). 
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barium and calcium yields very satisfactory results. A complete description of 
the procedure employed in the calculation of the concentration cf two or more 
metallic ions from the measured diffusion currents, in a mixed solution, is given 



Fig. 10. PolarograniB of niixturCB of barium, strontium, and calcium. Curve A; 0.3 A 
tetraethylammonium iodide in 50 i>er cent ethanol; = 23.2 X 10"W; Csr^ = 8.2 X 

lO^W; Cca^ * 4.4 X 10“W. Curve B: 0.25 N tetraethylammonium iodide in water; 

» 2.8 X 10“W; « 5.4 X 10"W; « 30.5 X 10"^. 

below in connection with the analysis of a ternary mixture of salts of alkaline 
earth metals. 

We found that in both water and alcohol-water media all three alkaline earth 
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metals can be determined simultaneously with the ordinary polarographic accu¬ 
racy. This is also illustrated by the two polarograms shown in figure 10, as well 
as the summary of numerical date presented in table 11. By means of the 

TABLE 11 

Barium + strontium + calcium; diffusion currents in mixtures of Ba"'"'', Sr++, and Ca'*"'' 
(No other maximum eliminatora added) 

A. Medium: 60 per cent CjIlsOH 


COMPOSITION OP 
SOLUTION 

ird.e. “ —1.95 volts; 
* 1.80 

»d.e. * —2.12 volts; 

mJ/i/i/s • 1.77 

ird.e. * —2.18 volts; 

» 1.7S 

Diffu¬ 

sion 

cur¬ 

rent 

(meas¬ 

ured) 

n 

Diffu¬ 

sion 

cur¬ 

rent 

(calcu- 

lat^) 

^Ba 
h - i[ 
h 

11 X 

(—) 

\i.80/ 

\ 

Diffu¬ 
sion 
cur¬ 
rent 
(meas¬ 
ured) 1 
/* 

/t — ii 

Vl.80/ 

(it) 

Stron¬ 
tium 
diffu¬ 
sion j 
cur- i 
rent 
(calcu-i 
lated) 

^Sr 
h -1, 

hX 

Diffu¬ 

sion 

cur¬ 

rent 

(meas¬ 

ured) 

h 

L -/2 

(it) 

Cal¬ 
cium 
diffu¬ 
sion 
cur¬ 
rent ! 
(calcu- 
la^) 

*1 

^Ca 

it 

i's 

*• 

millimoles per liter 

1.16 Ba++ 

+ 

0.41 Sr++ 

+ 

0.22 Ca++ 

ito ! 

6.93 

MO 

6.12 

per 

cent 

-2.3 

5.88 

tia 

8.00 

2.12 

2.08 

per 

cent 

1 

1+1.9 

7.91 

MO 

9.05 

1.14 

1.11 

per 

cent 

+2.7 















B. Medium; HtO 



Fd.«. * ~2.0 volts; 

MiS/i (I/I • 1.78 

■■a.e. * —2.1S volts; 

mt/s (If ms 1.76 

Td «. * —2.30 volts; 
nflf (If am 1.73 

COMPOSITION OF 
SOLUTION 

Diffu¬ 

sion 

cur¬ 

rent 

(meas- 

ur^) 

n 

Diffu¬ 
sion 
cur- 1 
rent 
(calcu¬ 
lated) 

t 

»i 

^Ba 
h - », 

nX 

Diffu¬ 

sion 

cur¬ 

rent 

(meas¬ 

ured) 

/» 

h --it 

© 

(*'*) 

Stron¬ 
tium 
diffu¬ 
sion 
cur¬ 
rent 
(calcu- 
iat^); 

i't 

^Sx 
it - i'. 

ItX 

Diffu¬ 

sion 

cur¬ 

rent 

(meas¬ 

ured) 

h 

Vl.76/ 

Cal¬ 
cium 
dlffu- 
sion 
cur- 1 
i^nt 

^Ca^ 
»i - it 



VI .78/ 

it 

Vl.76/ 

in) 

(calcu¬ 

lated) 

U 

i't 

miliimolM per UUr 

MO 

MO 

Per 

cent 

1 

MO 



per 

cent 


MO 



per 

cent 

0.14 Ba++ 

0.93 

0.90 

+3.3 

0.92 










+ 






1 








0.27 8r++ 





2.^ 

1.60 

1.64 

-2.4 

2.481 





+ 






.. 


1 






1.62 Ca++ 




1 






11.46 

8.98 

9.00 

-0.2 
















method described in a previous paper (6), the diffusion current of barium is first 
determined and corrected for the remdual current of the supporting electrolyte. 
The results agree within 3 per cent with the values calculated from the diffusion 
current constants determined for simple barium solutions in water and in 50 per 
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csent ethanol at the same potential (7). The diffusion current of strontium is 
obtained by subtracting from the measurcnl sum of both strontium and barium 



Fig. 11 . Current-voltage curves with magnesium chloride in water. Tetraethylam- 
monium iodide as supporting electrolyte. Curve I, 3.46 X 10“W magnesium; curve II, 
1.64 X 10“W magnesium; curve III, 9.6 X 10“W magnesium; curve IV, 5.0 X 10“W magne¬ 
sium; curve V, 1.83 X 10“W magnesium; curve VI, 9.2 X 10“®V magnesium; curve VII, 
8.8 X 10~W magnesium. 

diffusion currents (corrected for the value of the diffusion current of barium 
recalculated at the strontium diffusion current cathode potential. Similarly, 
the actual diffusion curi-ent of calcium is equal to the difference l>etween tlie 
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measured sum of afl three diffusion currents at the calcium diffuf^ currant 
potential and the recalculated sum of both barium and strcmtium diffution 
currents taken from preceding branches of the same pdarogrmn. The accuracy 
of both strontium and calcium determinatitms is quite satisfactory, the differ¬ 
ences between the measured values and those computed by means of the diffu¬ 
sion current constants being of the order of 2 to 3 per cent. The accuracy, of 
course, depends on the ratio of concentrations of the various constituents. 

WAVES OF CALCIUM IN THE PRESENCE OF MAGNESIUM IONS 

Experiments conducted by Kimura (2) and Miiller (5) indicate that magnesium 
yields very poorly defined waves in aqueous solutions of tetraethylamraouiuin 
salts at a potential about —2.2 volts vs. S.C.E. The main characteristics of the 
polarograms obtained were a very pronounced maximum and an abnormally 
large apparent diffusion current. We found that when tetraethylammonium 
iodide is used as supporting electrolyte in water, the polarograms of magnesium 

TABLE 12 


Proportionality bettceen current and magneaium-ion concentration at potentials between 

—S.lgS and volts 

(CiHt)4NI as supporting electrolirte in water 


MgCls 

ird.«. “ —2.125 volts 
M. S.C.E. 1 

vd-e. • —2.225 volts 
vs. S.C.E. 

»d.e. * —2.325 volts 
VS, S.C.E. I 

ird.*. " —2.425 volts 
vs. S.C.E. 

CONCENTIATION. 









t 

i/c 

i 

ilc 

i 

»7c 

1 

i/c 

M 

tta 

na per 
millimole 
per liter 

Sta 

ita per 
millimole 
per liter 

na 

tta per 
miUtmole 
per liter 

na 

tta per 
millimole 
Per liter 

4.16 X 10-« 

0.04 

(9.6) 

0.14 

(34) 

0.36 

(87) 

0.70 

169 

4.6 X lO”* 

0.40 

8.7 

1.37 

30 

3.70 

81 

7.60 

163 

9.16 X 10-» 

0.81 

8.85 

3.05 

33.4 

7.75 

85 

15.7 

172 

2.6 X 10-** 

2,36 

9.4 

8.05 

32.2 

20.3 

81.2 



4.8 X 10~< 

3.90 

8.13 

13.1 

27.3 

32.6 

68.0 



7.7 X 10“^ 

6.40 

7.02 

18.9 

24.6 

50.8 

66.0 



1.73 X 10-» 

13.00 

7.52 

42.6 I 

24.6 






ions present curves with steadily increasing slopes and without diffusion current 
portion (figure 11). From the data given in table 12 it may be seen readily that 
the measured currents at potentials between —2.12 and —2.42 volts within 10 
per cent remain proportional to the concentration of magnesium ions provided 
the latter does not exceed 2.5 X 10~^ moles per liter. At higher concentrations, 
the ratio u/e becomes smaller. In general, it is not safe to use current-voltage 
curves for analytical estimation of the magnesium concentration. 

It is evident that the abnormally large currents obtmned with magnesium 
cannot be due solely to reduction of magnesum ions to magnesium amalgam. 
By far the largest part of the current must be attributed to a simultaneous dis¬ 
charge of hydronium ions with magnesium ions. Apparently, the discharge of 
magnesium ions catalyzes the discharge of hydronium ions at the dropping mer¬ 
cury electrode. 
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In view of the fact that calcium ions are often accompanied by magnesium, 
it seemed worth while to study the effect of the latter upon the polarogram of 
calcium. 



Fig. 12. Interference of magnesium in {)olarographic determination of calcium. Polaro- 
grams in water; 0.00158 N calcium; 6.3 X 10"* N lanthanum; 0.16 N tetraethylammonium 
iodide as supporting electrolyte. Curve I, ** 6 X )0"*iV; curve II, » 1,6 X 
10“W; curve III, CuiT * 10 X 10"*^; curve IV, CwgH « 6.5 X lO'W. 

It was found (figure 12) that in water the calcium tliffusion current regions 
practically disappear if the concentration of magnesium ion.s is gi-eater than 4 X 
1()~® N. In the presence of less tlian 2 X 10"**^ N concentration of nuignesium t he 
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calcium waves are well defined. In order to read an accurate value for the diffu¬ 
sion current of calcium, the concentration of calcium iems should be about 100 
times as lar^ as that of magnesium. A few illustrative results are summarised 
in table 13. Finally, in alcohol-water media, the limiting concentrations of 
magnesium ions in 0.00099 M calcium solutions were found to be as fc^ows: 


MEOIUH 

IIAOKXSnnc-lON CONCSimtATtON 


melts ptr liter 

25 per cent CilhOH. . 

2.6 X lO”'* 

30 per cent CjlLOH . . . . . . 

3.0 X 10“* 

80 per cent CjHfiOH. 

6.0 X 10“» 


A large number of “unknowns” containing calcium in the presence of traces of 
magnesium have been analyzed. All experimental results obtained both in water 
and in ethanol-water mixtures agreed within 3 per cent or better with the actual 
concentration of calcium in the solution, provided the amount of magnesium 


TABLE 13 

Diffusion currents of calcium in the presence of magnesium in aqueous medium 


CONCENT* ATI ON 

OF CaCli 

Cl 

CONCENTKATION 

OF MgCU 

Cl 

Ci/Cf 

DIFFUSION 

CUKESNT 

CONSTANT 

(ICEASUEED) 

Xm • 

DIFFUSION 
CUESENT 
CONSTANT 
WITHOUT Mg 

X. * 

A « X 100 

A# 

U 

M 

1 

mmt£>lt < 

IMS per 
millimoU 

per cent 

0.79 X lO-^ 

1.05 X 10-* 

760 

5.86 

5.90 

-0.7 

0.79 X lO-® 1 

3,3 X 10~« 

240 

5.82 

5.90 

i -1.4 

0.79 X 10“» 

6 X 10-3 

160 

5.99 

5.90 

+1.5 

0.39 X 10-* 

5 X 10-« 

78 

6.12 

5.90 

+3.8 

0.18 X 10-3 

8 X 10-« 

22.5 

6.65 

5.90 

+12.7 


* For (m*'’ * 1.74 mg.*'* see."*'* 


was kept below the indicated limiting values. In general, however, a separation 
of calcium from magnesium will be necessary. 

SUIilMARY 

1. With tetraethylammonium iodide as supporting electrolyte in water the 
calcium wave ^ves a pronouncjed maximum and no diffusion current is found. 
In 50 per cent and especially 80 per cent ethanol the diffusion current can be 
measured. 

2. Lanthanum is a good suppressor of the calcium wave maximum in water. 
In water-ethanol mixtures barium is more suitable as an eliminator of the 
maximum. 

3. The half-wave potential of calcium in water (maximum eliminated) is in¬ 
dependent of the concentration and is equal to —2.220 volts vs, S.C.E. In 90 
per cent ethanol the half-wave potential is —2.116 volts. After elimination of 
the maximum, the diffusion current in water and water-ethanol mixtures is 
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proportional to the calcium concenti*ation. The Ilkovifi equation is found to 
describe the calcium wave. 

4, Barium, strontium, and calcium in a mixture can be determine<i polaro- 
gmphically without separation. 

5. The discharge of magnesium ions at the dropping electrode promotes the 
discharge of hydroniiim ion. Mom than traces of magnesium interfere with the 
polarc^raphic determination of calcium. 

(>. The relative change of the mobility with increasing cthimol contjentration 
is the same for potassium, sodium, and lithium. It is also the siime for barium, 
strontium, and calcium. The change is much greatfu* for the alkali ions than for 
the alkaline earth ions. 

Acknowledgement is made to the Carnegie Corporation of New York for a 
grant which enabled us to cany out the work. 
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COMMUNICATION TO THE EDITOR^ 

ON RKPORl'S n\ F. E. JONES IN THE NOVEMBER, 1944, ISSUE OF 
THE JOURNAI. OF PHYSK'AL CHEMISTRY ON STUDIES OF 
SYSTEMS INVOIAING (^aO-AhOs-SOs-K.O-Na.O-HsO AS CON¬ 
STITUENTS 

F. E. Jones merits higlu^st praise for an outstanding (contribution to the chein- 
istr}^ of cements as presented in his reports on the system ( 'af^-AbOs CaSOc-HsO 
at 25®C. (J. Phys. Chem. 48,34 (1944)) and the two related quinary systems w ith 
1 per cent of potassium hydroxide (J. Phys. Chem. 48 , 356 (1944)) and 1 per 
cent of sodium hydroxide (J. Phys. Chem. 48 , 395 (1944)), respectively, as fifth 
components. 

In the report on the system Ca 0 -Al 203 "'CaS 04 -Na 2 ()"H 20 (loc. ciL) reference* 
is made by Jones to a statement in a discussion (C. L. Kalousek: Am. Concrete 
Inst. 12 (Proceedings 37 ), 692 (1941)) based on l esults given in a dissertation by 
the present wTiter (G. L. Kalousek: Dissertation, University of Maryland, 1941). 
It is stated in this later discussion that the work “indicated that the stable sul¬ 
fate-bearing compounds in the presence of NaOH arc members ol a solid solution 


* Received May 29, 1946. 
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series having 3Ca0*Al208-CaS04’12Hs0 and 3Ca0-Al808'Ca(0H)»*12Hi0 as 
end members/' Jones concludes in his report that at a sodium hydroxide or 
potassium hydroxide concentration of 1 per cent the compound SCaO'AlaOs* 
3CaS04*32H2C) (trisulfate) is the only stable sulfate phase and suggests that 
solid solutions will occur as a metastable phase as in the quaternary system 
Ca 0 -Al 203 -CaS 04 ”Hj; 0 . Inasmuch as the difference in conclusion may be 
traced to a difference of choice regarding criteria for stable equilibrium, the follow¬ 
ing comments appear pertinent. 

In discussing the quaternary system Jones states, it thus appears probable 
that 3Ca0 Al 203 * 3 CaS 04 *321120 initially formed may eventually change 
over completely to solid solution." Either of two implications is contained in 
this statement: (i) the trisulfate is metastable; or (2) the third solid phase, 
SCaO AbOs *61120, besides Ca(0H)2 that is required for invariance, does not 
appear. In the latter case the solid solution formed would be metastable with 
respect to 3CaO* AI 2 O 8 6 H 2 O. 

Jones’s interpretation is given later in the discussion of the quinaiy system 
Ca0-Al203“CaS04-K20-H20 at 25®C., in which he states, . .at G, for stable 
equilibrium, formation of 3Ca0 * Al 203 * 6 H 20 should occur. From analogy with 
behavior in the quaternary system Ca 0 -Al 203 -CaS 04 ~H 20 , however, it seems 
probable that the fundamentally stable phase ( 3 Ca 0 *Al 208 * 6 H 20 ) will not 
appear, at any rate for considerable time, and that equilibria will pass into a 
nietastable region where formation of a solid solution of general formula xCaO* 
2 ^Al 203 * 2 fCaS 04 *aq commences, and an appropriate metastable equilibrium is 
set up." The same summary holds true for the findings in the quinary system 
CaO'Al203“CaS04~Na20-H20 at 25®C. It is seen, therefore, that if 3Ca()* 
AbOa *61120 appears and is the stable phase in the presence of calcium hydroxide 
in the quinary system, the trisulfate is likewise a stable phase. The composition 
of the solid solution would be variable as expressed by Jones, and x in the general 
foimula given is not restricted to a value of 3, y being assigned a value of 1. 

The determination of the boundary Ca(0H)2~trisulfate (or monosulfate, 
3 Ca 0 *Al 203 *CaS 04 * 12 H 20 )-'‘lime aluminate hydrate" in the system CaO- 
Al 203 ~S 03 -Na 20 -H 30 at 26®C, was undertaken by the writer (G. L. 
Kalousek: Dissertation, University of Maryland, 1941). The sodium 
hydroxide concentration was varied between 0.0 and about 0.5 N (0.0-20 g. per 
liter), and the solid phases were precipitated in all tests by mixing aliquots of 
aqueous solutions of the constituents. In addition to the two known sulfate¬ 
bearing compounds, another sulfate phase (solid solution 3CaO* Al 20 s*CaS 04 * 
12H80-3Ca0*Al208*Ca(0H)2*12H20, which was isolated and identified) had 
to be considered. The results of mixtures agitated occasionally and allowed 
seven to nine weeks to age showed that in the range of sodium hydroxide con¬ 
centration of about 0.2 to 0.5 iNT the three phases for the boundary were Ca(OH) 2 ‘” 
trisulfate-solid solution. In not a single preparation in this range was there 
found any of the compound SCaO’AUOa *61120. Companion mixtures in the 
same sodium hydroxide range were prepared and set aside. After eighteen 
months they were examined for SCaO-AbOs *61120, but none was found. The 
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other phases (solid solution and trisulfate), except for slight carbonation, ap¬ 
peared to be about the same as in the seven- to nine-week tests. In the range 
of sodium hydroxide concentration of 0.0 to about 0.15 N, hydrous alumina ap¬ 
peared as a third phase but, since the time of seven to nine weeks seemed short 
for attainment of equilibrium for a gelatinous phase, no conclusions were drawn. 
Long-time tests were not carried out in this range. The absence of 3 CaO • AUOa • 
6 H 2 O in the prolonged tests indicates either that equilibrium was reached, and 
therefore, the solid solution is actually a stable phase, or that the compound in 
question forms very slowly indeed. 

Jones’s conclusion that SCaO-ALOg *61120 is the stable phase in the quinary 
system was actually based on analogy to findings in the quaternary system. 
In view of the evidence just given, the question arises whether possibly the 
hexagonal structure is not stabilized by the sulfate ion in the presence of the 
stated concentrations of sodium hydroxide and that in reality it is the stable 
structure (i.e., the solid solution is the stable phase). Further experimental 
work concerned with long-time tests appears to be necessary before a summary 
conclusion can be made as to which is the stable phase. 

Jones’s deduction that the trisulfate is formed initially in hydrating cements 
was not borne out by tests carried out by the writer and reported in detail in the 
dissertation (loc, ciL). The platy, hexagonal fonns instead were precipitated 
initially from aqueous solutions, simulating in composition those in hydrating 
cements. These phases persisted as such for periods of 1 to 40 days l)cfore 
starting to convert to the trisulfate. However, only trisulfate precipitated from 
similar mixtures of solutions designed to yield 1000 g. of the trisulfate, when these 
solutions were seeded with as little as 0.002 g. of this compound. 

The writer is now a member of the staff of the Toledo C'alsiporc Laboratoiy 
of the Research Department of the Owens-Illinois Glass Company, and per¬ 
mission for publication of this communication is granted by the Director of 
Research. His investigations on these subjects, however, were performed at the 
National Bureau of Standards in Washington, 1). C. 

George I.. Kalousek. 

Owens-Illinois Glass C'ompany 
Toledo, Ohio 
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Outline of the Amino Acids and Proteins, Melvillk Sahyun, Editor, 251 pp. New York: 
Reinhold Publishing Corporation, 1944. Price: $4.00. 

This comparatively small volume contains a surprising amount of information and is 
highly recommended as an introduction to or a brief survey of the field. Fileven people, 
in addition to the editor, have contributed material, and each speaks with authority in his 
particular field. The purpose of the book is to outline briefly the essentials of the chemis¬ 
try and the biochemistry of the proteins and the amino acids. The authors have skillfully 
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refraiited '^from becoming too deeply involved in the theoretieal and the argamntative 
aepeots of the various hypotheses dealing with the chemical structure of proteins, of the 
relations of proteins to immunological reactions, of theoxies of denaturation and detoxica¬ 
tion, as well as certain thermodynamic considerations/’ Ample references for further 
reading are given to the current publications and to the larger treatises* 

The book describes the isolation from protein hydrolysates of the accepted amino acids, 
their syntheses, and methods of analysis. About one*third of the text deals with the 
metabolism and the nutritive value of the proteins and their constituent amino acids. This 
portion treats of the r6l6 of amino acids in detoxication, the metabolism of the amino acids 
including the intermediates involved, and a consideration of the evidence that certain of 
the acids are indispensable in the diets of man and the higher animals. The remaining one> 
third of the text treats of the structure and the denaturation of proteins and includes a brief 
summary of the proteins as antigens. 

Throughout the text the applications to clinical chemistry are indicated and given the 
major emphasis. The most current viewpoints and techniques are described; for example, 
the very recent method of assay for amino acids by the use of microorganisms is mentioned. 
The appendix contains a list of patents issued in the United States on amino acids and re¬ 
lated compounds, most of which date from 1930. 

W. M. Sandstbom. 


4 llgemeine F\mklioneniheorie—Elliptiscke Funkiionen—Geometrische Funktionentheorie. 
By A. Hurwitz and R. Coxtrant, 534 pp. Berlin, 1929. Published and distributed 
by Interscience Publishers, Inc., New York. Price: $7.60. 

This book is divided into two parts and presents the theory of analytic functions from 
two different standpoints. The first part, written by Hurwitz, develops the subject almost 
entirely from the arithmetical point of view in the spirit of Weierstrass. In the second part 
of the book, by Oourant, the main emphasis is placed on the geometrical aspects of the sub¬ 
ject which have grown out of the original concepts and discoveries of Iliemann. In this 
third edition no changes have been made in the first part aside from minor improvements 
in details. The second part, however, has been extended and rearranged in many places 
BO as to take account of recent contributions to the subject, and the introduction has been 
expanded so that now either one of the two parts may be read independently of the other. 

Fulton Koehler. 


Chemical E ugineering Therniodynamics. By Barnett F. Dodge . 664 pp. New York: The 

McGraw-Hill Book Company, Inc., 1944. Price: $6.00. 

Though this book was written for use by graduate students, it is also very useful for 
undergraduates because it is based on the fundamental training that chemical engineering 
students should receive in the first three years of their course. The first two chapters de¬ 
velop the fundamental concepts and definitions underlying the laws of thermodynamics. 
These are followed by a chapter on the mathematical approach to simple systems and one 
on the more complex sy stems. Chapters V and VI set up differential equations and their 
integrations of the thermodynamic properties. Thus the foundations of the applications 
of the operations and processes of chemical engineering have been laid. These are pre¬ 
sented in separate chapters on compression and expansion of fiuids, heat transfer, refrigera¬ 
tion, chemical reaction equilibrium, vaporization and condensation equilibria, distillation 
processes. 

The subject material of this book is presented in a clear manner. Though mathematics 
is used freely, this supposedly dry subject is made interesting and understandable. The 
applications are well selected though limited in number. However, if the first six chapters 
have been mastered, the student should be able to extend the applications in other direc- 
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tiolUB. This is indeed a sound and excellent textbook of chemical engineering thermo¬ 
dynamics. 

Chables a. Mann. 

Valency, Classical and Modern. By W. G. Palmer. 12x22 cm.; x+ 242 pp. Cambridge 

(England): Cambridge University Press, 1944. Price: 10/6. 

There is undoubtedly scope at the present time for another book on valency. The sub¬ 
stantial advances which have been made in the last ten years already have an important 
bearing on many branches of chemistry, and, although the subject has by no means reached 
a ^^stationary state”—it is, of course, still developing steadily—many chemists, industrial 
and academic, undergraduate and postgraduate, will welcome the opportunity of taking 
stock of the present state of knowledge. 

Dr. Palmer’s monograph, which is of medium size, will therefore meet a wide demand. 
It differs from the well-known pioneering textbooks of Sidgwick and Pauling on the one 
hand and from elementary introductions such as Speakman’s small book on the Other, in 
being essentially a concise review of the whole field of valency theory at its present stage. 

The treatment is original. The first two chapters deal with the early history of the va¬ 
lency concept and the development of the periodic classification. Chapter III, which oc¬ 
cupies nearly a third of the entire book, consists of a summary of the valency behavior of the 
elements as revealed by direct chemical and physical evidence. In this section no theories 
are used except the simple ^classical” ideas of single and double bonds, steric arrangement, 
and ionic and covalent binding, but the full weight of modern experimental methods (x-ray 
crystallography, electron diffraction, dipole moments, spectroscopy, etc.) is brought to 
bear on the problem. The chapter is therefore a notable survey of recent developments in 
pure inorganic chemistry, and would be valuable on that account alone. 

Chapter IV introduces““UnfortunateIy, in a rather superficial manner*~the electronic 
spin theory of valency, the idea of resonance hybrids, and the isoelectronic principle. With 
this basis, the probable valency structure of a number of compounds formed between first- 
row elements is then deduced, and the chapter concludes with a short section on the stereo¬ 
chemistry of the light elements. 

(Chapters V and VI are of an advanced standard. In the former the spin theory is ex¬ 
tended to the Periodic Table generally, and the latter deals briefly with some special topics 
including cofirdination compounds, the method of molecular orbitals, aromatic substitu¬ 
tion, single-electron bonds, and “proton” bonds. 

The book thus provides a very useful, though somewhat uncritical, summary of the 
modern developments. It would form an excellent outline for a postgraduate course, but 
is not very suitable for a beginner who needs a lucid exposition of the subject, because it is 
too highly concentrated in style and matter to be either easy to read, or, by itself, wholly 
comprehensible. To quote but one example: the concept of resonance hybrids, which is 
such a characteristic and significant feature of the new’er electronic theory as contrasted to 
the old, is explained sketchily in little more than tw o short pages—surely too brief a treat¬ 
ment to give the student any real understanding of resonanc’c. In fact, the book needs 
supplementing at every stage by wide reading. Perhaps this was the author’s intention, 
as he has provided ample references to textbooks and original papers throughout. Never¬ 
theless, in the review'er’s opinion, the book would be vastly improved if, in a future edition 
when paper shortage is past, the supersaturated text could be diluted wdth an equal volume 
of explanatory matter. 

The successful production of a textbook of this kind under difficult war-time conditions 
is a remarkable achievement on the part of both the author and the publishers. The quality 
is very good for the present time and the price reasonably low’. 


J. A. Kitchener, 




‘EQUILIBRIA OF TWO-DIMENSIONAL SYSTEMS, IP 

W. B. INNES* AND H. H. ROWLEY^ 

Division of Physical Chemistry^ State University of Iowa, Iowa City, Iowa 

Received May 29,1946 

A method of approach in dealing with equilibria between two- and three- 
dimensional phases has previously been outlined, and this method has been 
applied to equilibria between a three-dimensional gas or vapor phase and an 
insoluble surface phase for a single-component system (2). The present study 
proposes to apply the method to two-component systems. 

EQUILIBRU BETWEEN A THREE-DIMENSIONAL GAS OR VAPOR PHASE AND A TWO- 
DIMENSIONAL SINGLE-PHASE INSOLUBLE FILM^ FOR A TWO-COMPONENT 
SYSTEM AT CONSTANT TEMPERATURE 

This system, according to the ^^raodified phase rule’’ (T' == C — P + 3) which 
should be employed when surface phases arc present (2), possesses two degrees 
of freedom, since there are two components and two phases and the temperature 
is fixed. Utilizing the equilibrium criteria (2) for the two- and three-dimen¬ 
sional systems, respectively: 

n[ dfxl -b nl dM 2 = AdF (1) 

rii djjLi + no dM2 = Udp (2) 

The superscript s refers to a surface phase: the subscript i refers to the com¬ 
ponent. 

A = area occupied by tlu' surface phases, 

Y = volume occiqiied by the thn^e-dimensional phases, 

F = spreading or surface pressure, 

rii = moles of component i in the three-dimeiivsional phase, 
n\ — moles of component i in the surface phase, 

-=(?) 



E — total energy of the system, and 
S = total entropy of the system. ^ 

^ This article is based upon a thesis submitted by W. B. Iiuics to the Faculty of the 
Graduate School of the State University of Iowa in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy, August, 1941. 

• Present address: Stamford Research Laboratories, American Cyanamid Co., Stamford, 
Connecticut. 

•Present address: Department of Chemistry, Lawrence College, Appleton, Wisconsin. 

• The present treatment considers the solid or liquid phase on wdiich the insoluble film 
rests (the adsorbent) as acting only as the framework for the insoluble film (the adsorbate) 
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Since: 

Ml *= Ml ; M*. =* #4 

dMi dMi ; dMa ^ dMt 

Hence: 


n\ d/ii nj dMs “ AdF 
«! dMi + n* dMt “ V&p 

Eliminating dMt between equations 3 and 4 and collecting terms: 

(ninj — ntn^d^i + n* AdF = nj Fdp 

As there are two independent variables, several relationships are possible, 
the chemical potential mi is held constant: 

ntAdF = nJFdp 
\dp/„, ntA 

If the perfect gas law is applied to the three-dimensional phase: 

V — 


(3) 

(4) 

(5) 
If 


( 6 ) 


and 


^ <ngr 
naAp 


(7) 


or 



( 8 ) 


where n = total moles of gas in the three-dimensional phase and n* total 
moles of gas in the two-dimensional phase. 

Letting: 



and 


n 


n 

x{ -"i 

and 

XI 



n* 


and neglects any contribution of the solid component to the vapor phase. Since the 
adsorbent adds one ccnnponent and one phase to the system if it is a pure chemical com¬ 
pound, it can be n^ected in applying the phase rule. If it were not a pure substance Mid 
were a solid scdution, for example, the same would be true if it could be assumed that the 
adsorbent composition remained constant. 
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Substitutii^ in equation 8 and rearranging; 


A ( dF \ _ ,Xl 

RT \d In pA. Xi 

(9) 

If the pressure is constant, according to equation 5: 


(ninj — nttii) dpi + n* AAF = 0 

(10) 

Dividing equation 10 by »*n; 


{XtXi - XtXl) dpi + ^ AdF = 0 
n* 

(11) 

Remembering: 


XJ = 1 - Z; and X 2 = 1 - Xi 



the following relationship is obtained on substitution in equation 11 and simpli¬ 
fying: 


A 



n\Xl ^ Xi) 
X2 


( 12 ) 


In an analogous fashion to that used in deriving equation 12 the following 
relation may be obtained: 


^ n\Xr - XI) 

\dfii/F^r X2 


(13) 


The variations in equation 5 may be carried out while holding constant de¬ 
pendent variables which are completely determined by p and F, such as XI, 
ni, n*, and $, the fraction of the surface covered defined as n•/</>, where <f> is the 
number of moles of the same composition required for a complete monolayer. 
If any of these dependent variables are held constant, according to equation 5, 
where q represents the dependent variable in question: 

(ninj — n2ni) + thA = wJ F 

Upon dividing through by n*n and assuming that V == nRTJp, the following 
relation is obtained on simplification: 

^ (Pi - -1^ RT ( 14 ) 

Xdpt/q Xi \ dfil /q Xi 


EVALUATION OF SPREADING PRESSURES FROM ADSORPTION DATA 

If the two components of a three-dimensional gas or vapor phase can be con¬ 
sidered as independent entities so that the total pressure is equal to the sum of 
the partial pressures exerted through semipermeable membranes and there is 
no heat effect involved in mixing, then the first and second laws of thermody¬ 
namics can be applied separately to each component as below. This statement 
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is justified by coDsideriog a reversible compresmon with a smipeimealde xueai* 
brane. The work done by the system will be pidF, and the beat absorbed wiU 
be only that due to compression of the first component, since no heat effect is 
involved in the removal of the first component from the second component. 

dEi ~ TdiSi — pidV "1- fii dfii 

AEt — TdSi ~ ptdV -f- fit dro2 


Int^ratii^ at constant values for the intensity factors and comparing with 
the original equations gives at constant temperature; 

njd/ii = Fdpi 

n, dfit = Fdp 2 

Let it now be assumed that this gas or vapor phase is in equilibrium with a 
surface phase. Substituting the above expressions for d^ti and dps into equation 
3, the following relation is obtained: 


AdF - ^ Vdpi + -* Fdp2 
ni n* 

(15) 

U 


,, riiBT utBT 

Y ax - ax - 

Pi P2 


the following relations follow from equation 15: 


\3pi/}>j ni Pi 

(16) 

(dpi\ _ n,nS _ XiXl 

\^P 2 /r fh n\ Xt Xi 

(17) 


By integration of equation 15 the spreading pressure may be evaluated. 
Thus: 


FA = r^Vdpi+ r^^Vdpt (18) 

Jq til Jo Ui 

y _ tiiRT _ fioRT 

Pi p2 

FA = BT ^ njd In Pi + BT ^ njd In pt (19) 


Hence, the spreading pressure may be evaluated if amounts adsorbed of each 
component are known functions of the partial prrasures over the indicated 
limits. However, in general n* and nj are functions of both pi and pt, so that 
the evaluation is not as «mple as it mi^t first appear. 
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EQUILIBRIA BETWEEN A THREE-DIMENSIONAL VAPOR PHASE, A THREE-DIMEN¬ 
SIONAL LIQUID PHASE,® AND A TWO-DIMENSIONAL SURFACE PHASE AT 
CONSTANT TEMPERATURE FOR A TWO-COMPONENT SYSTEM 

According to the ‘‘modified phase rule” given above (2), a system of this type 
possesses one degree of freedom. Application of the first law of thermodynamics, 
integration with constant values for the intensity factors, and comparison with 
the original equations gives for the different phases, since m*- == M? = and 
dT = 0: 

til dfjLi + 772 d/i2 •” Fdp = 0 (20) 

ni dm + ni' dm - FMp = 0 (21) 

nj dgi + 712 dm - AdF' = 0 (22) 

where the subscripts refer to the component, the superscript L refers to the 
liquid phase, the superscript s refers to the surface phase, the absence of a super¬ 
script indicates the vapor phase, A represents the surface area, and F' is the 
.spreading or surface pressure. 

There are three linear e(iuations by means of which the two quantities dm 
and dg 2 can be eliminated. Thus in the notation of determinants: 


r 

Th 

712 

1 0 

ni 

712 1 

( 

yL 

ni 

II 

ns 

1 ® 

ni 

1 

ni' dF' 

0 

n'l 

i ; 

7?J : 

i 

' -A 

nt 

ni ' 


Evaluation then gives the following expression: 

/__ -Ajnini: - nj^ui) _ 

KdF'Jr ^ (Mrh -nini)V^ + (nN? ~ n^nl)V 


Upon dividing through by the total number of moles in the different phases 
so as to obtain mole fractions and simplifying, equation 23 becomes: 


/dp\ —Ann^{Xi — XI) _ 

\^7r "" ^~(XY- Xi)V^ + - XI)V 


where the symbols Xt, A'f, XJ refer to mole fractions of the component i in 
the gas, liquid, and surface phases, respectively. 

* Considerations are limited to cases where the three-dimensional liquid phase is not 
contiguous with the surface phase. This situation is probably realized in most cases where 
the contact angle is not zero, under which condition the three-dimensional liquid phase will 
not spontaneously distill on top of the surface phase. It also may be realized if steric 
reasons prevent a three-dimensional liquid phase from being in contact with the surface 
phase, a situation which is probably closely approximated, owing to fine pore structure, 
in the case of most charcoals and chabasite. 
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In general the following ration is a good approxima^on: 


Hence: 


V F* 
n n‘- 


Vn \*» F* nn* 


If (Xi — Xi) > > (Xf — Xi), it would be a good approximation to neglect the 
term involving F^ in equation 24, givii^ on simplification: 

» - 4n( fiz: m ( 26 ) 

\dF’)T n\xt - Xi) 

If F = tiRT/p, then on simplifying: 

_ «-(X; - Xt)RT 

v In p)t (Xi - Xf) ^ ^ 

Equation 26 can be integrated at constant area giving: 

A{F’, - Fi) = RT £‘ (27) 

The quantities din and dp may be eliminated between equations 20, 21, and 
22, giving in the notation of determinants: 


A 

nj 

0 



nl 

ni 

0 

0 

fl2 

-F^ 

dF' 

zas 

ni 

nt 

-F* 

0 

712 

-F 



ni 

ns 

-F 


Evaluating: 


^ /6tF'\ _ {ntni — nIns)F + (n*Bl — ni»*)F* 
VWr“ imV^-ntV) 

This may be amplified as in the previous case, giving: 

fdF'\ _ n^nW - Xi)V + nn*(X,* - Xi)F" 

WiA“ (nsF^-n^F) 


F F‘ , F F*- 

— and 

th ns n n 

and it is furtiier assumed that 

(XI - X,) >> iXt - Xi) 
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tiben by n^lecting terms of second-order magnitude and simplifying, the follow¬ 
ing relation is obtained: 



The above equation is similar in form to that obtained for a two-phase system 
(see equation 12). The difference is that this relation imposes the conditions of 
equilibrium with a liquid three-dimensional phase, while the relationship for a 
two-phase system imposed the condition of constant pressure. No special 
assumptions were employed in deriving the latter. 

SUMMARY 

Several theimodynamic relationships involving equilibria between a three- 
dimensional gas or vapor phase and a two-dimensional insoluble surface phase 
for a two-component system have been derived. One of these makes possible 
the evaluation of spreading pressures from two-component adsorption data. 

Equilibria between a three-dimensional liquid and vapor phase and a surface 
phase for a two-component system have also been treated and several relation¬ 
ships derived. One of these relates the selective adsorption to the change of 
spreading pressure with chemical potential. 
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I. INTRODUCTION 

The degree of hydration of solid soap systems has been the subject of many 
physicochemical examinations, of which only a few are cited here (11, 12, 14), 
and much valuable infoimation has been derived from these studies. How¬ 
ever, there is some question whether the relation of hydration to structure was 
recognized in these earlier investigations. The inadequacy of the earlier ex¬ 
perimental techniques employed became evident when Buerger et aL (2, 3) es¬ 
tablished the hemihydrated character of the alpha forms of sodium stearate and 
sodium palmitate. These investigations showed that the amount of hydrate 
moisture present is directly associated with the crystalline phase of the soap as 
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distinguished by x-ray diffraction photographs. The desirability of ext^^nding 
structural-hydration studies is apparent, especially in view of the many ciystal 
phase forms now recognized (4, 7, 8). 

A method combining the results obtained by controlled dehydrations and 
x-ray diffmotion studies has been developed and successfully employed in de¬ 
termining the^ nature and amount of water present in many of the crystalline 
forms. The samples examined have been prepared by crystallizing pure single 
soaps or acid soaps from organic solvents and by intensely working concentrated 
soap-w^ater systems in a small laboratory mixer. It is the purpose of this paper 
to describe the dehydration technique and to present some of the results that 
have been obtained by its use in conjunction vrith x-my diffraction studies. 

II. MATERIALS 

All the sodium soaps used were prepared directly by neutralizing the corre¬ 
sponding pure methyl esters with a 25 per cent aqueous sodium hydroxide solu¬ 
tion. The esters were obtained by a careful fractional distillation of esterified 
fatty acids derived from the treatment of selected natural fats and oils. Stearic 
acid needed for the preparation of the acid soap compound INaCig.'lHCis 
was produced by the acidulation of pure sodium stearate. The resulting fatty 
acid was extracted, washed, and twice recrystallized from acetone at —20°C. 

Crystals of the alpha form of neutral sodium stearate and of the alpha form 
of the 1:1 acid soap (1) suitable for dehydration were grown from solution in 
95 per cent ethyl alcohol at room temperature. The large crystals tliat appc^ared 
were filtered and freed of all extraneous or occluded solution before being ex¬ 
amined. 

Samples of sodium caprate, sodium myristate, sodium palmitate, sodium 
stearate, and sodium oleate, representing in part the large group of discrete 
crystalline phases occurring in “worked” soap systems (4), were prepared at 
various temperatures and moisture contents in a small reciprocating piston- 
type mixer. Crystalline calcium palmitate produced by the methcxi described 
by W. Faber (6) was kindly supplied by Dr. C. W. Sheppard of the Massa¬ 
chusetts Institute of Technology. Hie CUSO 4-51120 used as a reference sample 
was of C.P. reagent grade and was examined directly without any furtlier treat¬ 
ment. 


III. EXPERIMENTAL 

The experimental procedure consists essentially in noting the losses in weight 
which occur w hen the sample being studied is heated to successively higher tem¬ 
peratures in an atmosphere of constant partial pressure of water vapor. A 
schematic drawing of the dehydration equipment used is shown in figure 1. 
In principle it is very similar to that employed by Milligan (16) and by Weiser 
and Milligan (17, 20, 21, 22) in studying hydrous and hydrated compounds, and 
more recently by Kelley, Jenney, and Brown for similar work on soil colloids (9). 
Small aluminum weighing pans (A) containing 3-g. to 5-g. samples of the material 
to be dehydrated are supported in an electrically heated oven on a circular 
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platform (B), The platform, which can accommodate up to seven samples, 
can be lifted and rotated, permitting the wire bails of each pan to be engaged 
in turn by the fine wire hook (C) attached to the arm of a Becker surface- 



tension balance. In this manner the individual weighings of a relatively large 
number of specimens can be rapidly made without the necessity of removing 
them from the oven. All samples are run in duplicate so that small portions 
can be taken for x-ray powder photographs after each step of the dehydration 
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process. The structural sigBificaace of any detected losses in weight Hiat xuay 
occur can thus be readily determined. 

The d^ydration is controlled by passing a moist stream of nitrogen of con* 
stant vapor tension through the oven and by careftilly adjusting the temperature. 
The mdsture content of the gas stream is fixed by bubbling it through a series 
of wash towers (I) containing saturated brine sdutions. After being humidified, 
the nitrogen passes through a preheating coil (G) and finally enters the oven. 
The tonperature is slowly raised by small increments and can be maintained at 
any desired value by means of a thennoregulator and voltage-control unit. 
The weight of each sample is taken after each 5^C. increase in temperature and a 
plot of loss in weight vs, temperature is made. 

IV. iSisctrssiON 

The interpretation of the dehydration curves shown here (figures 2-8) is 
based upon the previously demonstrated principle (9, 16, 17, 21, 22) that true 
hydrate water is lost suddenly when a temperature is reached at which the die- 
sedation pressure of the hydrated compoimd just exceeds the partial pressure 
of water vapor in the surrounding atmosphere. This sudden loss of moisture is 
represented by a sharp stepwise break in the dehydration curve, while adsorbed 
water is lost more or less continuously as the temperature is raised. As already 
mentioned, the significance of each inflection of the curve is determined by an 
x-ray diffraction study of the material, both before and after the loss in weight 
has occurred. This has been done for each of the soap samples studied. The 
discussion is divided into three sections: the first deals with a check on a known 
hydrate, the second with the dehydration of soap crystals prepared from solvent 
solutions, and the third with a description of the dehydration behavior of the 
individual phases produced in 'Vorked'^ soap-water systems. 

Check on a known hydrated crystal 

As a check on the validity of the method, an inorganic salt of a known degree 
of hydration was examined simultaneously with the soap crystals. CuSOi • SHaO 
was chosen for this purpose, since the manner in which it loses its hydrate water 
is well known. 

Figure 2 represents a plot of the loss in weight of a 5-g. sample of the copper 
salt when examined by the dehydration technique. The very sharp step in the 
curve occurring between 35°C. and 43®C. represents a loss of approximately 16 
per cent in weight, or two moles of water per mole of copper sulfate pentahy- 
drate. A second sharp rise at 45°C. to 65®C. again corresponds to the loss of 
about 16 per cent moisture, or two more moles of water to a mole of salt. The 
overall decrease in weight occurring between 35°C. and 55®C. is equal to ap¬ 
proximately 30 per cent water, or four moles of water lost in two steps of 2 H 2 O 
each. The fifth molecule of water present is held quite firmly, as indicated by 
the flat portion of the curve after 56°C., and it has b^n found tl^t a further loss 
in weight does not occur below 125*^0. This is in very good agreement with the 
known dehydration behavior of this compoimd. 
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Dehydration 0 / crystals grovm from solution 

As an example of a simple hydrated soap, the case of calcium palmitate, 
hitherto regarded as non-hydrated, is presented. Figure 3 shows the loss in 
weight recorded on dehydrating the sample. The sharp break in the curve 
noted at 90~100®C. represents the loss of 3.0 per cent of hydrate moisture, a 
value which is in very close agreement with the theoretical value of 3.17 per cent 
required for the monohydrate. X-ray powder diffraction photographs of the 



Fig. 2. Dehydration curve of copper sulfate pcntahydrate 


crystals before and after heating show that a definite change in the crystal 
structure accompanies the dehydration process. 

As an example of the l^ehavior of a non-hydrated soap, the case of alpha 1:1 
acid sodium stearate is next presented. The existence of stoichiometric acid 
soaps of the formula 1 soapil fatty acid has been recognized for some time (5, 
10, 13, 16, 18). Although Malkin made use of x-ray diffraction in examining 
several of these compounds (15), it was only recently that they were made the 
subject of a thorough x-ray diflFraction study (1). Large crystals of the alpha 
forai (1) of the acid soap INaCwtlHCis, suitable for both x-ray crystal studies 
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and debs'dmtion, were prepared from 95 per oemt alcohol, aohitaoiw. The 
dehydration curve for a 3-g. sample of the material is ^own on figure 4, and it is 
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Fig. 4. Dehydration curve of alpha 1:1 acid sodium stearate 


apparent that no loss in weight could be detected between room temperature 
and 105*^0. Further heating above this point resulted in decomposition of the 
crystals as fatty acid slowly distilled off at elevated temperatures. From this 
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behavior it is evident that the alpha acid soaps are anhydrous. The x-ray 
powder pattern of the material remains unchanged after heating to 105®C., 
as would b*e expected if no change in hydration occurs. 

Figure 6 shows the somewhat more complicated dehydration curve obtained 
when the starting material is composed of crystals of the alpha form of neutral 
sodium stearate grown from an alcoholic solution. As shown by the curve, the 
loss of hydrate moisture occurs in several steps. The first inflection, corre¬ 
sponding to a loss of 3/8 H 2 O per mole of soap, occurs slightly below 50®C. and 
is associated with the alpha-to-beta transformation reported by Thiessen and 
Stauff (19). The second decrease in weight of the sample, occurring between 
55°C. and the end of the experiment, represents the dehydration of Thiessen 
and Stauff’s beta form of sodium stearate. This amount is necessarily the 



Fig. 6. Dehydration curve of alpha sodium stearate crystals 


difference between the recorded total loss of 1/2 H 2 O, representing the degree 
of hydration of the alpha fonn, and the amount lost on the formation of beta,— 
namely, 3/8 H 2 O, or a net loss of 1/8 H 2 O per mole of soap. X-ray powder 
diffraction photographs show that the inflection at about 85°C. is concomitant 
with a change in phase from beta to gamma. These values for hydrate water 
content confirm the earlier work of Buerger et al. (3) on the degree of hydration 
of the alpha and beta phases. 

Dehydration of some typical phases occurring in worked soap-water systems 

K sodium caprate: A sample of the kappa phase (4) was prepared by working 
sodium caprate at 30 per cent water and 88®C. in a small laboratory mixer for 
about 30 min. The material produced was air dried and then placed in the 
dehydrator. Figure 6 represents a plot of the loss in weight recorded as the 




424 


K. W. OAE0INER, M. J, BtJBBGm, Am> ti- B, mVM 



Fig. 6. Dehydration curve of kappa sodium caprate prepared at 30 per cent 
water content and 88°C. 



Fig. 7. Dehydration curve of mu sodium myristate prepared at 40 per cent 
water content and 49*0. 


temperature was slowly raised by 5°C. increments. The sharp step-like break 
at 40-45''C. corresponds to the loss of approximately 2.1 per cent moisture. 
This figure is in very good agreement with the theoretical value of 2.17 per cent 
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HjO needed to satisfy the fonnula C 0 H»COONa l/4H2O. The x-ray powder 
photograph of the material after heating to 50®C. revealed that the decrease in 
moisture content resulted in a change of phase from kappa to another, believed 
to be sigma (4). The relative stability of this latter phase is indicated by the 
fact that continued heating to 105^C. produced no further change in the x-ray 
powder photograph. 

M sodium myristate: The hydrate nature of the mu phase (4) is shown by the 
curve obtained on dehydrating an air-dried sample of sodium myristate (figure 
7) prepared by working the soap at 49'^C. and 40 per cent water content. The 
curve is characterised by a sharp break at 40-50**C., representing the loss of 
about 3.0 per cent hydrate water which occurs simultaneously with the change 



Fig. 8. Dehydration curve of delta sodium palmitate prepared at 40 per cent 
water content and 49®C. 


in phase from mu to sigma. The theoretical amount of moisture necessary for 
a compound of the type CwHaTCOONa-S/SHgO is 2.90 per cent, indicating 
that the mu phase is approximately a 3/8 hydrate. No further loss in weight 
was recorded, although the sample was heated to 150°C. 

5, e, and f sodium palmitate: Delta (8) sodium palmitate was produced by 
intensely working a sample of the pure soap containing 40 per cent moisture at 
49 C, After being allowed to come to a constant weight in the dehydrator at 
room temperature, the material was then slowdy heated. 

Figure 8 is a plot of the loss in weight recorded as the sample was heated to 
115 C. The first sharp inflection in the cur\"e at 40-50^0. represents the loss 
of about 2.1 per cent of water, corresponding to the liberation of 1/3 H 2 O 
per mole of soap. This is accompanied by a very slight but real alteration in 
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tbe powder photogra^ of the material, Tlus phase resulting frmn partially 
dehydrating delta has been designated delta prime (4). A second inll^ticm in 
the curve at 85®C. represents the loss of approximately l.O per cent of moisture, 
which corresponds to about 1/6 H 2 O. This loss, however, is accompanied by 
a complete change in powder photograph from the delta prime pattern, men¬ 
tioned above, to the sigma pattern. The overall loss in moisture content at 
105®C. is therefore 3.1 per cent, a value which is in good agreement with the 
theoretical value of 3.13 per cent necessary for the hemihydrate. 

A sample of the epsilon form (4) of sodium palmitate, made by working the 
soap with 20 per cent moisture at 77®C., has a dehydration curve very similar 
in character to that of the delta form. The two steps in the curve, however, 
represent losses of approximately 3/8 H 2 O and 1/8 H 2 O at 46°C. and 90®C., 
respectively. The overall loss of 1/2 H 2 O per mole of soap indicates that epsilon 
sodium palmitate prepared in this manner is a hemihydrate. The povder 
pattern of the material is only slightly modified from epsilon to epsilon prime 
(4) by the first dehydration step, but there is a sharp change from epsilon prime 
to the mgma pattern accompanying the last loss of hydrate water. 

The dehydration curve of zeta sodium palmitate, produced by working the 
soap with 30 per cent water at 99°C., also shows two stepwise losses of hydrate 
moisture. The first sharp inflection at 40-45°C. represents a decrease of 1.7 
per cent in the weight of the sample. At the same time the original zeta phase 
transforms to the beta phase (4). The amount of moisture lost corresponds to 
about 1/4 H 2 O per mole of soap. A further loss in weight amounting to 1/8 
H 2 O per mole of soap is represented by a second break in the curve at approx¬ 
imately 85°C. Powder photographs show that this decrease accompanies the 
change in phase from beta to sigma. The overall loss in moisture content at 
105®C. appears to be equal to about 2.7 per cent. This amount is in fair agree¬ 
ment with the value of 2.37 per cent H 2 O satisfying a compound of the type 
NaCi6-3/8H20. 

5, €, and f sodium stearate: The curves representing the loss in weight on 
dehydration for the delta, epsilon, and zeta forms of sodium stearate are similar 
to those described above for the corresponding forms of sodium palmitate. In 
each case the moisture loss associated with the first dehydration break is the 
same for sodium stearate and sodium palmitate. The loss of hydrate water 
represented by the second step in the dehydration process, however, appears to 
be slightly greater for the delta, epsilon, and zeta forms of sodium stearate. 
The values for the degree of hydration of these forms are not included here 
because of the incomplete nature of the data. At the present time we believe 
the results for sodium palmitate are the more reliable of the two. 

71 sodium olcaie: Tbe eta form (4) of sodium oleate was prepared by working 
the soap with 5 per cent water at 71*^C. The dehydration curve of this material 
showed one step representing the loss of about 1.5 per cent moisture, or 1/4 H 2 O, 
at 60--60°C. The dehydration is accompanied by a change in powder pattern 
from eta to eta prime (4). 

In a subsequent communication we hope to present a more detailed descrip- 
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tion of the dehydration behavior of some of the soap phases that have been only 
briefly mentioned here. 


SUMMARY 

A method combining the use of controlled dehydrations and x-ray diffraction 
analysis has been employed in studying the hydrate nature of several crystalline 
forms of soap. Calcium palmitate, as prepared, is a monohydrate and loses 
moisture in one step with an accompanying change in powder pattern. 

The alpha form of 1:1 acid sodium stearate, on the other hand, is shown to 
be a non-hydrated phase at room temperature and no change in the powder 
pattern occurs on heating the crystals to 105°C. 

The hemihydrate composition of the neutral alpha variety of sodium stearate 
has been confirmed. Thiessen and Stauff’s alpha-to-beta transformation is 
shown to be associated with the loss of 3/8 H 2 O per mole of soap, while another 
1/8 H 2 O is lost on complete dehydration, producing the anhydrous form. 

The dehydration curv^es for kappa sodium caprate, mu sodium myristate, 
and delta sodium palmitate are presented as typical of the dehydration behavior 
of the large class of phases which occur in ‘^vorked” soap-water systems. 
These phases are definite hydrates containing 1/4, 3/8, and 1/2 mole of water 
per mole of soap, respectively. 

A study of the dehydration behavior of several other ‘Svorked^^ soap phases 
has also been made. The phases and their approximate hydrate content are 
as follows: epsilon sodium palmitate, 1/2 H 2 O; zeta sodium palmitate, 3/8 
H 2 O; eta sodium oleate, 1/4 H 2 O. 

Phases which are partial dehydration products of other phases appear to 
have the following compositions: delta prime sodium palmitate, 1/6 H 2 O; 
epsilon prime sodium palmitate, 1/8 H 2 O; and beta (equivalent to zeta prime) 
sodium palmitate, 1/8 H 2 O. 

As a result of this work it is believed that all neutral sodium soap phases 
occurring in the central areas of the phase maps of worked soap-water systems 
are definite hydrates. 
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RELATIONSHIPS BETWEEN THE VELOCITY OF SOUND AND OTHER 
PHYSICAL PROPERTIES OF LIQUIDS 

R. T. LAGEMANN and W. S. DUNBAR 
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Received June 7, 1946 

In the past the chief use of measurements of the velocity of sound in liquids 
has been in the determination of the adiabatic compressibility from which the 
ratio of the specific heats may be found provided the isothermal compressibility 
is known. At the same time certain qualitative facts relating the sound ve¬ 
locity to structure have become well known. These showed that the velocity 
of sound itself was not an additive and constitutive property, and little applica¬ 
tion of measurements of the velocity of sound to the elucidation of molecular 
structure seemed possible, until Rao discovered a function of the velocity which 
was independent of the temperature. 

Rao (16, 16) showed that in any one liquid the density and the velocity of 
sound are connected by the relation /d = F, where v is the velocity of sound, 
d the density measured at the same temperature as the velocity, M the molecu¬ 
lar weight, and F a constant independent of the temperature. It is the purpose 
of this communication to draw attention to the very simple relationships ex¬ 
isting between the quantity F, which we choose to call the molecular sound 
velocity, and certain other physical properties. These relations have been 
applied only to the lower members of some homologous series. As more data 
are accumulated the relations will probably be more generally applicable. 

LINEAR RELATIONSHIPS OP MOLECULAR SOUND VELOCITY 

For the members of each homologous series for which data are available, it 
has been found that a linear relationship "exists between the molecular sound 
velocity and the following physical properties: molecular refraction (M©), 
parachor (P), Souders^ viscosity constant (i), van der Waals’ b (6), molecular 
magnetic rotation (T), and the critical volume (Fe). In a graphical plot of 
any of these properties against F, the slopes of the straight lines obtained for 
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the series of homologues are very nearly identical, but the intercepts vary. 
In nuwt cases the curves for all the series are almost coincident, and to a good 
approximation a single line would represent the data for all compounds. To 
make such graphs, values of V were taken from Rao (16), values of Mo from 
Herz (7), Eisenlohr (5), and the Landolt-Bdmstein tables (10), values of P, 
b, and Vc from the Landolt-BSmstein tables (10), values of I from Souders (19), 
and values of T from Perkin (14). The plots sliow a ts^pographical error in 
Souders’ data (19), where the value of I for ethyl alcohol should be 171, not 117. 



Fig. 1. Relation of molecular sound velocity to the parachor and Souders’ I 


Figure 1 shows the relationship between the molecular sound velocity and the 
parachor and Souders’ I for four homologous series. Plots of T’' against the 
other properties mentioned above have a similar appearance. 

On the assumption that a linear relation holds for each homologous series, the 
constants A and B of the relation V ^ A + BX have been evaluated by the 
method of least squares and are listed in table 1. X may be any of the quan¬ 
tities: mole refraction, parachor, van der Waals’ 6, Souders’ I, critical volume, 
or molecular magnetic rotation. Table 2 shows how well the data are fitted 
by these equations. Here values of the observed molecular sound velocity are 
listed in the third column. In column 4 appear values of the molecular soimd 
velocity calculated from the mole refraction values of column 2 by use of the 
appropriate constants taken from table 1. The average error of about 0.5 
per cent between the calculated and observed values of F is characteristic of 
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the email error involved in oonnecting any of the other i^ysical prc^erties 
with the molecular sound velocity. 

It is obvious that the constants recorded in table 1 may be used to find values 
of V for higher members of the series from known values of any other of .the 

TABLE 1 


Canatants of the linear equations relating molecular sound velocity and other 

physical properties 


SE'UBB 

M 

D 

P 

/ 

h 

T 


A 

B 

A 

B 

A 

B 

A 

B 

A 

B 

Paraffins. 


41.89 

16.67 

4.935 





89.7 

189.8 

Esters of ace- 











tic acid. 

172.2 

38.61 

46.87 

4.551 

46.17 

4.555 



281.3 

169.4 

Monohydric 











alcohols.... 

81.63 

gillr^i] 

-27.38 


31.57 

3.454 

-313.6 

mim 

123.4 

EH 

Benzene hy¬ 











drocarbons . 


39.61 

-41.31 

4.939 

-27.75 

4.035 

195.8 


-1117 

186.9 


TABLE 2 


Observed and calculated values of the molecular sound velocity 


coicFoum> 

(obsesved) 

V 

(obsebved) 

V 

(calculated) 

PEE CENT 
DXFPEEENCE 

Pentane . 

25.26 

1160 

1160 

0.0 

Hexane. 

29.91 

1356 

1355 

-0.1 

Heptane. 

34.57 

1545 

1550 

0.3 

Octane. 

39.19 

1746 

1743 

-0.2 

Methyl acetate. 

17.65 

851 

854 

0.3 

Ethyl acetate. 

22.25 

1037 

1031 

-0.6 

Propyl acetate. 

26.98 

1211 

1214 

0.2 

Methyl alcohol. 

8.23 

421 

425 

1.0 

Ethyl alcohol. 

12.78 

624 

615 

-1.5 

Propyl alcohol. 

17.52 

806 

812 

0.8 

Butyl alcohol.*. 

22.13 

1004 

1005 

0.1 

Amyl alcohol. 

26.74 

1198 

1197 

-0.08 

Benzene. 

26.18 

979 

978 

-0.1 

Toluene. . 

31.06 

1170 

1171 

0.09 

Cvmene. 

45.18 

1731 

1731 

0.0 


constants (and vice versa), assuming the linear relation to hold. This procedure 
would appear to be better than summing additive and constitutive factors, 
which may not consider such effects as exaltation as one goes to higher members. 

The fact that the other quantities are linear with V means that they are linear 
with one another. Equations connecting two at a time can be set up from 
table 1. For example, since V = 16.67 + 4.935P and V = 220.6 + 144,4006 
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for the paraffins, it follows that P — 41.32 + 29,260&. Although a few isolated 
examples of such linear relations are recorded in the literature ( 6 , 8 , 11 , 17), 
it now appears that twenty-one linear relations exist among the seven proper¬ 
ties considered here. 

It should be stated that several workers ( 1 , 4, 7, 20 , 21 ) have indicated that 
the ratio of two of the above-mentioned properties yields a constant for a great 
number of compounds. While this may be useful as a rough working rule, it 
would generally be more exact to say they are linearly related. For example, 
Buehler ( 1 ) states that the ratio of Souders' I to the parachor is 1.22 for about 
twenty-five compounds (1.27 for paraffins). Use of the constants of table 1 
gives I = 1.39P — 37.6 for paraffins; this is a more accurate statement of the 
facts, as can be seen from a plot of I versus P. The addition of CH 2 groups in a 
homologous series does not, in general, cause a constant ratio to exist between 
the physical properties, but instead adds constant amounts to the previous 
value. This leads to a linear curve which as a rule does not pass through zero. 

It is interesting to note that from the equation F = A -f BP and from the 
definitions of T" and P, it may be shown that 

,, 1/3 _ \ i d 

r = P7 + A ^ 

a relation between velocity of sound, surface tension ( 7 ), and density, in which 
A and B are constants for all compounds of a single series. Similar relations 
may be set up by using the refractive index, viscosity, and VerdeUs constant in 
addition to the surface tension and sound velocity. 

VELOCITY OF SOUND AND BOILING AND CRITIC/VL POINT’S 

Examination of the data on noirnal boiling points (Tb) and critical tempera¬ 
tures (Tc) reveals that they are connected with the molecular sound velocity by 
equations of the form Tb = A + P log V and Tc = C + D log F, where A, 
P, C, and D are constants for each homologous series. The boiling point is 
plotted against the log of the molecular sound velocity for four series in figure 2 . 
It may be seen that straight lines result for series of unassociated compounds. 
A similar plot can be made for Tc versus F. Lewis (11) has found that Tc 
and Tb are linear functions of the log of the parachor, as would be expected 
from the linearity between F and P. Wan ( 22 ), however, states that Tc 
= k]Mj, + ko, whereas the considerations above favor the relation Tc = h 
log Mjy - 4 - fco. On the basis of the data given by Wan on two series of unasso¬ 
ciated compounds, the two equations appear to possess about equal merit. 
Wan’s value of k^ for paraffins, incidentally, should be 267.5, not 268.5. 

ATOMIC AND BOND INCREMENTS 

When considering the aforementioned physical properties as additive and 
constitutive, it is customary to separate the molecular constants into atomic 
increments and to ascribe values to double bonds, triple bonds, and other 
constitutive factors. Table 3 lists some of these values, along with references 





SOUDERS’ / 

(19) 

PARACHOR 

(12) 

MOLE REFRACTION 

(5) 

VELOciry oi sodnd 
( 16 ) 

COVAUNT AADIUS 

( 13 ) 

H. 

2.7 

15.4 

1.100 

92.5 

0.30 

C. 

50.2 

9.2 

2.418 

10 

0.77 

N... 

37 

17.5 



0.70 

0. 

29.7 

20.0 

1.525 

74 

0.66 

F. 


25.5 

1.00 


0.64 

Cl. 

60 

55 

5.967 

227 

0.99 

Br . .. . 

79 

69 

8.865 

245 

1,14 

I. 

no 

90 

1 13.900 

304 

1.33 

CHs. 

55.6 

40.0 

4.618 

195 


Double bond.. 

-15.5 

19.0 

1.733 

no 


Triple bond. . 


38 

2.398 




to the literature from which they were obtained. In a column of the Periodic 
Table, the atomic increments for all the properties listed increase with increase 
in the principal quantum number. Except for Souders’ /, the contributions 
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of bonds increase with their multiplicity. Figure 3 is a plot of the covalent 
radii of the halogens verms their atomic increments as found from four molecular 
constants. A smooth curve can be drawn in each case. , Likewise, for atoms 
of a column of the Periodic Table, a similar relation exists between the atomic 
increments of any two of the properties. 

An alternative procedure (2, 3, 9, 18, 24) in synthesizing molecular constants 
is to sum bond increments. Such a scheme is particularly useful when com¬ 
parison is made with interatomic distances and dissociation energies. Values 
for some frequently occurring bonds and also the sources of the data are com¬ 
piled in table 4. To obtain the values given for the bond velocities (9) and for 


220 260 600 340 



Fig. 3, Graph showing the relation between the covalent radius and atomic increments 
for elements from a column of the Periodic Table. 

the bond parachors, the best values for the C—C and C—H bonds were ob¬ 
tained by least squares from the paraflBns, following which, these values were 
used on single molecules to find other bond values. Improved values could no 
doulo be obtained by taking for the bond parachors and bond velocities the 
mean values from measurements on a number of similar molecules. From 
table 4 it may be seen that the bond increments, except for bond lengths, of all 
the atom pairs increase with increase in the bond multiplicity. 

Figure 4 shows the relation of bond length to bond refraction and is repre¬ 
sentative of the curves obtained by plotting any of the columns of table 4 against 
any other column for bonds of the same multiplicity. For bonds of an atom 
mth a series of atoms from a row or from a column of the Periodic Table, a 
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TABLE 4 


Bond inerementt 
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smooth curve is obtained. This graph, of course, enables one to estimate 
bond increments which are not as yet known. It is apparent that the bond 
increments for the various properties bear a close relationship to one another, 
provided the rows anjd columns of the Periodic Table are taken into account. 

' CONCLUSIONS 

It should now be clear that measurements on the velocity of sound can supple¬ 
ment and replace measurements on other physical properties in studies of molec¬ 
ular structure. Although the sound velocity may not be so conveniently 
measured as the refractive index of a liquid, it is comparable in ease of measure¬ 
ment to the other properties discussed, with the definite drawback, however, 
that relatively large amounts of liquid are required with the interferometer 
method. At present, values are usually quoted which include four and some¬ 
times five significant figures. This yields an accuracy at least as good as, and 
in some cases better than, that for any of the other physical properties except 
refractivity. 


SUMM VRY 

1 . A new physical constant, 


involving the velocity of sound in liquids, is found to be a linear function of the 
parachor, mole refraction, Senders’ viscosity constant, molecular magnetic 
rotation, critical volume, and van der Waals’ b for members of four homologous 
series. Thv constants of the eciuations are evaluated. 

2. This implies that all the aforementioned properties are linear among them¬ 
selves for homologous series. 

3. To a good approximation the linearity may be applied to all compounds. 

4. The critical temperatures and boiling points of homologous series of un¬ 
associated compounds are linear with the log of 

5. Lists of atomic increments and the accompanying constij^utive values are 
compiled for several of the properties, including molecular sound \^elocity. 

(L lasts of bond increments are reported and their relatiouvships noted. 
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This work is a continuation (1, 2) of the study of the effect of surface-active 
agents upon particle-size distribution in organosols. This paper describes 
results obtained with finely divided silica dispersed in xylene. 

CHEMICALS 

A purified grade of xylene was redistilled, and the fraction boiling between 
137° and 138.5°C., a mixture of o- and m-xylenes, was used in the research. 
A sample of Kahlbaum silica was used. This contained 16 per cent of water 
and 0.01 per cent of material not volatilized with hydrofluoric acid. It was 
heated in a furnace at 900°C. for 24 hr. in a stream of dried air, then ball-milled 
for 45 min. and screened through a 200-mesh seive. It finally had a water 
content of 0,4 per cent. The surface-active agents used are showm in table 3. 
These were all of the purest grade obtainable. 

PREPARATION OP 8IL1CA~XYLEN E SYSTEMS 

To 500 tnl. of xylene in a wide-mouth Dew’^ar flask was added 0.600 g. of silica 
pow^der. The surface-active agent (about 0.001 mole) was added to this mixture, 
and the whole was then mixed for 45 min. at 25°C., using a stirrer with a three- 
blade propeller operating at 500 r.p.m. Loss of xylene was diminished by 
mixing in a draftless, enclosed compartment. The temperature inside the 
flask was held at 25°C. =h 0.6° by a glass U-tube connected to a variable-tem¬ 
perature water line. The U-tube also served as a baffle. 
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MEASUREMENT OF PARTICLE-SIZE DISTRIBUTION 

Particle-size distribution was measured by sedimentation analysis. After 
the 46-min. stirring period, the stirrer and U-tube were quickly replaced with a 
balance pan, the top of which was attached at once to the left stirrup of a sedi¬ 
mentation balance. The balance and the method of using it have been de¬ 
scribed previously (1). In brief, the precautions observed included: (a) avoid¬ 
ance of hindered settling, by using only a 0.1 per cent suspension of silica; (b) 
correction for variation of density, and therefore buoyancy of xylene with 
temperature; (c) correction for evaporation losses of xylene; (d) checking of 
balance pan at frequent intervals for weight changes (thus the wetting agent 


TABLE 1 

Typical sedimentation data for the system silica^ xylene, and lecithin 


TDIE 

TBUPXSATDIE 

WEIGHT ON PAN 

WEIGHT OP SETTLED 
MATBEIAL 

WEIGHT OP SETTLED 
IfATESlAL COEEECTED 
POE TEMPEHATITBE 

min sec. 

•c. 

' 

grams 

grams 

grams 

0-0 

25.0 

7.687 



1-21 

25.2 

7.607 


hSSH 

2-17 

25.2 

7.610 



3-42 

25.2 

7.620 



5-48 

26.2 

7.629 

0.042 


9-45 

25.2 

7.638 

0.061 


18-06 

25.2 

7.648 

0.061 

0.060 

30-30 

25.0 

7.655 

0.068 


47-09 

25.0 

7.658 

0.071 

0.071 

64-00 

25.0 

7.660 

0.073 


97-00 

25.0 

7.662 

0.076 


170 

24.8 

7.665 

0.078 

BESH 

287 

24.5 

7.671 

0.084 


1200 

23.9 

7.669 

0.082 


Infinity* 




0.093 


* Determined by running a blank, where no colloidal material remained. 


copper oleate was found to react with the pan and change its weight); (e) use of a 
jig in centering the Dewar (when it was off center, and without the pan touching 
the side, an error of as much as 2 mg. in 85 mg. was possible); (/) use of only a 
small angle of swing (two index plate scale divisions) to insure relative constancy 
of pan depth. 

The weights of sediment obtained were recorded as shown in table 1. These 
were corrected for temperature, as shown, and then plotted against time, as 
illustrated in figure 1. The reproducibility of results is also indicated in figure 1, 
where values are given for two separate sedimentation analyses with the same 
surface-active agent, lecithin. The curves obtained in this manner were ana¬ 
lyzed by use of a tangentimeter, and particle-size distribution was calculated 
from Stokeses law, assuming that the particles were spherical. In the calculation 
of radius the viscosity of the xylene solution of the surface-active agent was 
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needed. A number of these values were determined, and were found to be 
nearly the same for the solution as for the pure xyelene. Thus, at 25^C. the 
viscosity of xylene was found to be 0.00632 poise, of the copper oleate solution 
0.00633 poise, of the lecithin solution 0.00643 poise, and of the aerosol O.T. 



TABLE 2 


Particle-size distribution obtained from figure 1 


SADIUS 

TIKE 

WEIGHT 

WEIGHT PERCENTAGE 

cm. X 10* 

minutes 

grams 


Above 14 

2.7 

0.008 

9 

12-14 

3.7 

0.003 

3 

10-12 

5.3 

0.007 

7 

8-10 

8.2 

0 012 

13 

6-8 

15 

0.010 

11 

4-6 

33 

0.017 

18 

2-4 

132 

0.014 

15 

0.6-2 

1200 

0.016 

17 

Below 0.6 

Infinity* 

0.006 

6 


* Determined by running a blank, where no colloidal material remained. 


solution, 0.00G28 poise. The particle-size distribution for the curve given in 
figure 1 is shown in table 2, and the results for all of the surface-active materials 
used are summarized in table 3. 

The percentages given in table 3 have not been corrected for the weight of the 
adsorbed surface-active agents, since a method has not as yet been worked out 
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for calculating the distribution of this material. This correction will make the 
percentages of pure silica a little lower than reported for the settled material 
(0.6 micron and over) and a little higher than reported for the colloidal material 
(under 0.6 micron). 


TABLE 3 

The effect of eurjace-aciive agents upon silica dispersed in xylene 



QUANTITY 

USED 

FAKTICXE-SIZE DISTRIBUTION IN WEIGHT PERCENTAGE 

SUXFACE-ACTIVE AGENT 

Above 14 
microns 
rndius 

10-14 

microns 

radius 

6-10 

microns 

radius 

2-6 

microns 

radius 

0.6-2 

microns 

radius 

Under 0.6 

microns 

radius 

Sodium dioctyl sulfosuc¬ 
cinate. 

grams 

0.434 

0 

8 

36 

29 

2 

25 

Sodium dihexyl sulfosuc¬ 
cinate. 

0.403 

1 

19 

28 

29 

17 

6 

Zinc dioctyl sulfosuccinate 

0.511 

0 

20 

24 

31 

17 

8 

Barium di octyl sulfosuc¬ 
cinate. 

0.602 

0 

20 

48 

23 

4 

5 

Lecithin. 

0.789 

8 

12 

24 

33 

17 

6 

Lead naphthenate . 

0.726 


17 

19 

31 

19 

9 

Zinc naphthenate. . 

0.724 

17 

17 

17 

29 


4 

Cobalt naphthenate. 

0.714 

9 

20 

24 

35 

12 

0 

Manganese naphthenate.... 

0.360 

0 

20 

48 

23 

9 

0 

Copper oleate. 

0.400 

1 

6 

17 

46 

27 

3 

Oleic acid. 

0.282 

23 

36 

19 

8 

1 

14 

0 

Magnesium oleate. 

0.587 

4 

6 

30 

59 

0 

0 

Calcium •leate. 

0.603 

0 

24 

29 

47 

0 

0 

n-Octyl alcohol. 

0.270 

i 1 

39 

1 30 

10 

10 

0 

Benzidine. 

0.184 

31 

30 

12 

14 

13 

0 

Ami nodi phenyl. 

0.400 

78 

9 

6 

1 

6 

0 

Blank. 



72* 

13 

15 

0 

0 


* This is the percentage larger than 10 microns. The sedimentation curve was too 
steep for determination of the percentage larger than 14 microns. 


EFFECT UPON THE SYSTEM OF VARYING SINGLE FACTORS 

Effect of stirring time 

Increase in stirring time from 45 min. to 300 min. substantially increased the 
percentage of intermediate-sized particles, but did not greatly affect the per¬ 
centage of colloidal material. This is shown in table 4. In each case 0.434 g. of 
sodium dioctyl sulfosuccinate was used. 
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Effed of concentraUon of mrfcu»-wtm agent 

Hie effect of varying the amount of surface-active i^ent was studied with idnc 
naphthenate. Increased amounts of this substance resulted in a greater degree 
ai dispersicm, as shown by the sedimentaticm curves in figure 2. 

TABLE 4 

Effect of length of mixing upon degree of dispersion 


VAXXZCLB'SIZE DlSTUBimoif ZH WBZGET nBCSMTAOB 


smtuNo mcB 

Above U 
microns radius 

10>14 microns 
radius 

d-lO microns 
radius 

2-6 microns 
radius 

0.fr>2 microns 
radius 

Under 0.6 
microns radius 

miimus 

45 

0 

8 

36 

20 

3 

24 

300 

0 

1 

9 

41 

21 

28 



Fio. 2. Sedimentation curves: curve 1, blank; curve 2,0.172 g. zinc naphthenate; curve 3, 
0.751 g. zinc naphthenate; curve 4,1.755 g. zinc naphthenate. 

Effect of extreme dryness 

Two systems were made up under extremely dry conditions, one containing 
sodium dioctyl sulfosuccinate and the other containing no surface-active agent. 
The xylene used was dried over sodium for one to two years in tightly closed 
bottles. The silica was air dried for 72 hr. at 106®C., and then vacuum dried 
for 24 hr. The sodium dioctyl sulfosuccinate was vacuum dried for 24 hr. 
Then all materials were dried in a dry box (described previously (1)) until 
fresh quantities of phosphorus pentoxide did not cake on the surface (two weeks). 
Mixing and stirring of the system was done in the dry box, using the technique 
described earlier; then a segmentation analysis was run at once. The results 


















DISPEBSIONS OP SILICA IN XYLENE 


441 


are shown in table 6 for these two systems and, for comparison, two similar 
systems prepared under ordinary conditions. 

PHYSICAL PROPERTIES OF THE SYSTEM AND ITS COMPONENTS 

The density of the finely divided silica was determined as follows: silica was 
weighed into a flask of known volume; the flask was evacuated, and then partially 
filled with xylene; the mixture was heated and stirred for 24 hr. The*flask was 
then cooled, xylene was added to the mark, and the weight and density of the 
silica were determined. The density was found to be 2.094. 


TABLE 6 


The effect of extreme dryness upon dispersions of silica in xylene 



QUANTITY 

USED 

PASTICLE-SXZB DISTRIBUTION IN WEIGHT PERCENTAGE 

SUKfACE-ACnVB AGENT 

1 

Above 14 
microns 
radius 

10-14 ! 

microns i 
radius 

6-10 

microns 

radius 

2-6 

microns 

radius 

0.6-2 

microns 

radius 

Under 0.6 
microns 
radius 

Sodium dioctyl sulfosuc- 
cinate (dry). 

grams 

0.403 

1 

4 

20 

40 

27 

8 

Sodium dioctyl sulfosuc¬ 
cinate (ordinary). 

0.403 

1 

19 

27 

29 

17 

7 

Blank (dry). 

0 

14 

19 

21 

15 

31 

0 

Blank (ordinary). 

0 

(72) 

13 

15 

0 

0 


TABLE 6 

Adsorption of surface-active agents by silica 


SURPACE-ACTIVE AGENT 

GRAMS PER 500 ML. OF 
XYLENE 

GRAMS ADSORBED PER 
GRAM OF SiOs 

Zinc naphthenate. 

0.751 

0.102 

Zinc naphthenate. 

1.720 

0.170 

Lecithin. 

0.400 

0.128 

Sodium dioctyl sulfosuccinate. 

0.446 

0.170 

Sodium dihexyl sulfosuccinate. 

0.403 

0.096 


The densities of the xylene solutions of the surface-active agents, as well as 
the viscosities, were found to be essentially the same as that for pure xylene, 
i.e., 0.862 at 25°C. 

The surface area of the silica was determined by the Emmett low-temperature 
adsorption method in the same manner as described previously for carbon and 
calcium carbonate (1,2). It was found to be 118 square meters per gram. 

The silica particles migrated to the cathode in a cataphoresis experiment using 
a 900-volt potential. The increase in concentration in the cathode compartment 
was small, but always present. Systems containing copper oleate, sodium 
dioctyl sulfosuccinate, and sodium dihexyl sulfosuccinate were so tested, as well 
as one in which no surface-active material was used. 

The silica organosols left after settling of the larger paiticles were milky in 
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appearance, but with a variation in tint depending upon the surface-active agent 
us*^. Water had an immediate coagulating effect, and the addition of alcohol, 
ether, or acetone caused precipitation within a short time. The systems were 
also heat sensitive, and coagulation began after several minutes’ heating at 
70®C. The organosols quickly precpitated at the boiling point of xylene. 

Adsorption of surface-active agents 

The adsorption of some of the more successful surface-active agents was 
determined by analysis of the supernatant liquid. The results are shown in 
table 6. 


SUMMARY 

Dispersions of silica in xylene have been made in the presence of a number of 
surface-active materials. The particle-size distributions of these dispersions 
have been determined by sedimentation analysis. The most successful surface- 
active agents were found to be the various metal sulfosuccinatcs, metal naphthc- 
nates, and lecithin. These agents are thought to aid dispersion by forcing 
aggi’egates apart in the process of adsorption, sin(‘e in all cases where adsorption 
was determined the successful surface-active agents were found to be strongly 
adsorbed on the silica. 

The silica had a surface of 118 square meters per gram. It was positively 
charged in the xylene suspension and was coagulated by the addition of water, 
alcohol, acetone, and ether. Heating also produced coagulation. 
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INTRODUCJnON 

In this paper, the subject of adsorption has been examined on the basis of 
the idea that not only the planar surface of the adsorbent is important in the 
process, but the entire bulk of the solid and patches, active lines, and points 
on the surface come into operation, either individually or in superimposition 
with one another. On this idea, a theoretical basis of the classical adsorption 
equation has been indicated, and an attempt has been made to interpret in a 
simple way some general facts of adsorption, chemical reactions, and surface 
catal3rsis. 
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The adsorption equation 

xlm « ^ 0 ) 

is usually considered to be empirical. It is possible, however, to give a theoreti¬ 
cal basis to this equation in terms of the distribution law. The general dis¬ 
tribution equation 

C 2 = fcCr (2) 

where n represents the association factor, may be easily derived from the ki¬ 
netic theory of gases. Though fc is considered to represent a purely numerical 
coefficient, it is possible to ascribe to it a definite physical significance. This 
coefficient may be considered to represent the relative degree of packing of the 
solute molecules distributed between the two phases. Thus, taking a system 
like aniline distributed between water and benzene, let us consider the two liquid 
layers as subdivided into small cubes such that each cube contains one mole¬ 
cule of aniline. The size of these cubes will be different for the two phases, 
being larger for the aqueous layer, fc, which is defined to represent the ratio 
of numbers of solute molecules in equal volumes of the two phases, thus repre¬ 
sents the inverse ratio of the sizes of these cubes. This picture of distribution 
may be extended to apply to cases of adsorption. 

Let the benzene now be frozen to form cubes of larger dimensions. The 
size of these cubes is such that they contain a large number of the elementary 
cubes as pictured above in the case of simple distribution. Some of these 
elementary cubes will be so arranged that they will compose the surface layer 
of the larger cubes, while others will be embedded in the interior of their body. 
As in the case of distribution, so also in the case of adsor{)tion, one molecule of 
the solute is considered to be associated with one elementary cube. During 
an adsorption process, however, it is not all the elementary cubes that are effec¬ 
tive, but only such of them as are exposed on the faces of the larger cubes, for 
they alone can accommodate solute molecules. In tlie limit, the ratio of the 
total number of cubes to those exposed on the surface will be as where 

L = the number of elementary cubes along any edge of the larger cubes. Since 
the ratio volume:area varies as U\U for any geometrical figure, the distribu¬ 
tion equation (equation 2) will apply to cases of surface adsorption if expressed 
in the foim 

Co = (3) 

if the molecular condition of the solute remains unchanged in the two phases. 

If the adsorption is not general on the surface, but is limited to the edges of 
the larger cubes, the number of effective elementary cubes will be further re¬ 
duced. Since the radio of volume to edges for any geometrical figure varies as 
L®:L, the adsorption equation will now take the form 

C 2 = k-C]!^ (4) 

An extreme case of adsorption w^ould be such that the solute molecules are 
confined to the corners of the larger cubes only. Since the number of elementary 
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cubes at the comers is a fixed quantity, and in no way depends on tiie volume 
of the figure, equation 2 will assume for this case yet another form: 

C 2 *= fc*Ci or C 2 =» Constant (6) 

The circumstances which led to equation 1 as being considered empirical 
are as follows: In most cases of distribution in which one phase is a solid, the 
value of n in equation 2 was found to be fractional when this latter equation 
was applied to the data obtained over a large range of concentrations. Thus, 
Walker and Appleyard (36) applied this equation to the distribution of picric 
acid between water and silk. The value of the exponent, instead of being an 
integer, was found to be about 1/3. If the mode of distribution is assumed to be 
similar in the two phases (bulk distribution), it must be concluded that the picric 
acid molecule dissociates into three components, which would mean a decom¬ 
position of the molecule; it cannot be a case of dissociation of the solute mole¬ 
cules polymerized in the aqueous phase, since the molecular weight of the acid 
in water was found to be normal. Decomposition of the acid in the silk phase 
could not be proved. There could thus be no physical significance of the nu¬ 
merical value of n in this and similar cases. The equation for this kind of dis¬ 
tribution thus came to be written in the form of equation 1, 1/n signifying a 
fractional value and stressing its distinction from the ordinary distribution 
equation, well known as the classical, or Freundlich, adsorption equation (23). 
In McBain’s words, 1/n ^4s any sort of irrational fraction, varying with circum¬ 
stances between 1 and 1/10, and is frequently in the neighbourhood of 1/3’^ 
(23). The frequency of occurrence of 1/n in the neighborhood of 1/3 is also 
stressed by Richardson and Robertson (29). This is evident from table I, 
where some data obtained by different workers have been collected. 

The frequency with which 1/n occurs in the vicinity of 1/3 requires that, in 
most cases of adsorption from solutions, the solute should be confined to cer¬ 
tain lines only in the solid phase. These lines may probably be identified with 
the exposed edges of microcrystals constituting the solid phase, or scratches and 
other imperfections in them. A bulk of evidence has accumulated in recent 
years in support of this idea. Evidence both from the field of surface catalysis 
and from measurements of heats of adsorption compels us to assume that 
the surfaces concerned are heterogeneous. This heterogeneity may be due to 
particularly active points, or lines, or patches on the surface. Felman and 
Adhikari (9) were able to prove that the reaction Hg -f I 2 = Hgl 2 occurs only 
on the phase boundary of mercury and mercuric iodide. The pulsating de¬ 
composition of hydrogen peroxide observed by Bredig and Stark (5) is also 
localized at the boimdary of mercury and its peroxide. Identification of active 
centres with lines has been discussed in detail by Schwab and Pietsch (32). 
They have further shown that such a conception does not change the form of 
Langmuir’s adsorption isotherm, which is essentially a distribution equation in 
which changes due to alteration of concentration in the solid phase have been 
taken into consideration. Smekal (34) from other condderations is led to a 
similar conclusion. Some recent microphotographs of etched surfaces (30) 
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TABLE 1 


AOSOXBXMT 

SOLVENT 

80LI7TE 

l/n 

AUTHOR 

Blood charcoal. 

Water 

Formic acid 

0.451 

Freundlich (10) 


Water 

Propionic acid 

0.394 

Freundlich (10) 


Water 

Butyric acid 

0.301 

Freundlich (10) 


Water 

Chloroacetic acid 

0.363 

Freundlich (10) 


Water 

Succinic acid 

0.243 

Freundlich (10) 


Water 

Benzoic acid 

0.338 

Freundlich (10) 


Water 

Mandelic acid 

0.140 

Freundlich (10) 


Water 

Sulfanilic acid 

0.257 

Freundlich (10) 


Water 

Chlorine 

0.297 

Freundlich (10) 


Benzene 

Picric acid 

0.302 

Freundlich (10) 


Ether 

Benzoic acid 

0.455 

Freundlich (10) 


HjS04 

Bromine 

0.351 

Freundlich (10) 

Animal charcoal. 

Water 

Acetic acid 

0.5 

Schmidt (31) 


Water 

Succinic acid 

0.5 

Schmidt (31) 

Blood charcoal. 

Alcohol 

Iodine 

0.25 

Schmidt (31) 


Alcohol 

Iodine 

0.25 

Schmidt (31) 


Benzene 

Iodine 

0.25 

Schmidt (31) 


Water 

Phenylthiourea 

0.245 

Freundlich and Bjercke (13) 


Water 

Acetone 

0.520 

Michaelis and Rona (26) 


Water 

Isoamyl alcohol 

0.263 

van Duin (8) 

Animal charcoal. 

Alcohol 

Iodine 

0.324 

Davis (7) 


Chloro¬ 

form 

Iodine 

0.336 

Davis (7) 


Benzene 

Iodine 

0.311 

Davis (7) 

Silk. 

Water 

Picric acid 

0.347 

Walker and Appleyard (36) 


Alcohol 

Picric acid 

0.363 

Walker and Appleyard (36) 

Animal charcoal.... 

Water 

Methyl alcohol 

0.435 

Richardson and Robertson 
(29) 


Water 

Isopropyl alcohol 

0.278 

Richardson and Robertson 
(29) 


Water 

n-Propyl alcohol 

0.526 

Richardson and Robertson 
(29) 


Water 

Methyl acetate 

0.417 

Richardson and Robertson 
(29) 


Water 

Acetone 

0.385 

Richardson and Robertson 
(29) 


Water 

Sucrose 

0.208 

Richardson and Robertson 
(29) 


Water 

Ether 

0.435 

Richardson and Robertson 
(29) 


Water 

Ethyl acetate 

0.323 

Richardson and Robertson 
(29) 


Water 

Pyridine 

0.263 

Richardson and Robertson 
(21) 


Water 

Aniline 

0.385 

Richardson and Robertson 
(29) 
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TABLE 1 —Continued 


AOSOmBKNT 

SOLVENT 

80LUT8 

l/n 

ACtHOk 

Charcoal (norite).... 

Water 

Formic acid 

0.435 

Linner and Gortner (22) 


Water 

Acetic acid 

0.361 

Linner and Gortner (22) 


Water 

Propionic acid 

0.236 

Linner and Gortner (22) 


Water 

Caproic acid 

0.176 

Linner and Gortner 

(22) 


Water 

Isobutyric acid 

0.273 

Linner and Gortner 

(22) 


Water 

Glycolic acid 

0.390 

Linner and Gortner 

(22) 


Water 

Lactic acid 

0.336 

Linner and Gortner 

(22) 


Water 

Glyceric acid 

0.267 

Linner and Gortner 

(22) 


Water 

Glyoxalic acid 

0.455 

Linner and Gortner 

(22) 


Water 

Pyruvic acid 

0.273 

Linner and Gortner 

(22) 


Water 

Malonic acid 

0.410 

Linner and Gortner 

(22) 


Water 

Succinic acid 

0.303 

Linner and Gortner 

(22) 


Water 

Glutaric acid 

0.201 

Linner and GortneV 

(22) 


Water 

Malic acid 

0.252 

Linner and Gortner 

(22) 


Water 

Tartaric acid 

0.276 

Linner and Gortner 

(22) 


Water 

Fumaric acid 

0.248 

Linner and Gortner 

(22) 


Water 

Maleic acid 

0.203 

Linner and Gortner 

(22) 


Water 

Bromosuccinic acid 

0.195 

Linner and Gortner 

(22) 


Water 

Dibromosuccinic 

0.320 

Linner and Gortner 

(22) 



acid 





and observations on latent splitting of bars undergoing lateral vibrations (27) 
testify to the physical existence of these lines and cracks. 

An examination of published data shows that the occurrence of the values of 
l/n in the neighborhood of 2/3, though less common, is not infrequent. In 
fact, it is very striking for certain systems, as appears from table 2. Thus, as 
far as adsorption from dilute solutions is concerned, a planar distribution of the 
solute on the adsorbing surface, corresponding to equation 3, is by no means 
rare. 

Adsorption of gases on solids is often characterized by high values of l/n 
(11), more so towards higher pressures (28^ 35). Particularly interesting is the 
observation that the value of l/n approaches 1 above a certain temperature (12). 
These facts are in accord with the concept that a bulk distribution of the gas 
molecules in the body of the adsorbent takes place—the phenomenon termed 
persorption by McBain (23). This process corresponds to equation 2 in its 
simplest form (n — 1), and the distinction between adsorption and ordinary 
distribution is lost. 

Finally, the type of adsorption corresponding to equation 5 is probably of 
particularly frequent occurrence with adsorbents of biological origin. The 
adsorption of sugar by yeast, of iodine by seaweed, or of heavy metal ions by 
Sacch, cerevisiae (14) appears to present examples of this type. This case also 
seems to be realized in some adsorption measurements by McBain and his 
students (25), where drastic cleansing of the adsorbent had been undertaken. 
They found that the adsorption isotherm rose steeply at minute pressures. 

There is no justification for the assumption that in a given case of adsorption 
any one of these processes should occur to complete exclusion of the others. On 
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the other hand, it is more reasonable to look for a diversity of phenomena in 
actual cases, where one or more of these processes may be operative at a given 


TABLE 2 

Adsorption of carbohydrates on charcoal and of electrolytes on alumina 


AOSO&BENT 

1 

SOLVENT 

SOLUTE 

l/n 

AUTHOR 

Blood charcoal. 

Water 

Fructose 

0.539 

Herzog (16) 


Water 

Glucose 

0.474 

Herzog (16) 

Carbo Med., Merck.. . . 

Water 

Arabinose 

1.054 

Gyani (15) 


Water 

Xylose 

0.820 

Gyani (15) 


Water 

Dextrose 

0.652 

Gyani (15) 


Water 

Galactose 

0.613 

Gyani (15) 


W’^ater 

Mannose 

0.641 

Gyani (15) 


Water 

Fructose 

0.531 

Gyani (15) 


Water 

Rhamnose 

i 0.870 

Gyani (15) 


Water 

Maltose 

j 0.605 

Gyani (15) 


Water 

1 

Sucrose 

0.605 

1 

Gyani (15) 

Fibrous AhOi. 

Water 

NaCl 

0.620 

Ishizaka (19) 


Water 

KNO, 

0.610 

Ishizaka (19) 


Water 

K,S04 ! 

0.523 

Ishizaka (19) 


Water 

K,C204 I 

0.360 

Ishizaka (19) 


Water 

NH 4 CI , 

0.610 

Ishizaka (19) 



stage. Experience fully bears this out. The adsorption equation (equation 1) 
plotted in the logarithmic form should give rise to a straight line, with a con¬ 
stant slope of 1/n. In actual practice, w’here observations extend to a large 
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pressure range, such a case is rarely realized. Coolidge^s form of this curve 
(6; actually, it is a semi-log curve) exhibits varying slopes in different portions, 
for which he offers no satisfactory explanation. It is possible to find an ex¬ 
planation for this behavior on the basis of the ideas expressed above. If the 
active points, lines, patches, and finally the bulk of the interior come into opera¬ 
tion successively as the pressure in the gas phase increases, it is clear that the 
branches of the isotherm corresponding to these distinct stages will have vary¬ 
ing slopes, increasing in the order 0, 1/3, 2/3, and 1. The isotherm, in which 
the slope will vary in this manner, will have the form shown in figure 1. This is 
strikingly similar to the curve proposed by Coolidge. 

Some applications of the above hypothesis, which gives definite physical 
significance to constants of the classical adsorption equation and which visual¬ 
izes adsorption as a s 3 rnthesis of distinct simple operations of distribution in¬ 
volving points, lines, surfaces, and finally the bulk which constitute the ad¬ 
sorbent, will now be described. 

ADSORPTION AND CHEMICAL REACTION 

According to Langmuir (20) adsorption is not different from chemical reac¬ 
tion, inasmuch as actual chemical bonds are formed between adsorbed mole¬ 
cules and those on the adsorbing surface. Isothermal decomposition of calcium 
carbonate takes place at constant pressure, i.e., the reaction is univariant. 
The adsorption equation developed by him, which is based on the assumption 
that there is a dynamic equilibrium between the molecules evaporating from 
the covered surface and those condensing on the bare parts, requires that the 
isothermal decomposition should involve a variation of the decomposition pres¬ 
sure with the fraction of the surface covered. If the phase rule is applied to 
the system, since the number of components is two, and the degree of freedom 
is one, the number of phases must be three. Two solid phases, therefore, must 
exist. Langmuir (21) says, ‘Tn order that calcium carbonate may dissociate 
and form a phase of calcium oxide (instead of a solid solution), it is necessary 
that the reaction shall occur only at the boundary between two phases.’^ In 
his opinion, such a possibility may be visualized if the escape of a carbon 
dioxide molecule weakens the bonds which hold the neighboring atoms on the 
surface. The adjoining atoms would be the next ones to be lost in the form of 
carbon dioxide, and the subsequent reaction will proceed at the boundary be- 
tw^een the patches still covered with carbon dioxide and those uncovered. If 
the loss of the first CO 2 , on the other hand, strengthens the neighboring bonds, 
the subsequent loss of carbon dioxide will take place from all over the surface. 
A solid solution of carbon dioxide in calcium oxide will thus be formed, corre¬ 
sponding to adsorption of the gas on the solid. 

This explanation raises certain difficulties. If we picture the recombination 
process according to each mechanism, we get a solid-solution effect in the first 
case and a boundary reaction in the second. The effects are thus reversed. In 
other words, the isotherms corresponding to decomposition and recombination 
should differ, so that there would be a hysteresis phenomenon somewhat analo- 
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gous to condensation and evaporation of liquids in capillaries (37). The energy 
changes corresponding to decomposition and recomJ)ination would also differ. 

Let us apply equation 2 to the present case, bearing in mind the physical 
significance of the constants. When C 2 (concentration of carbon dioxide in 
the solid phase) is plotted against Ci (concentration of carbon dioxide in the 
gas phase), a line parallel to the C 2 -axis is obtained. If log C 2 is plotted against 
log Cl, the form of the curve remains unchanged. Now, n = slope of this 
curve « a; and k = intercept on the C 2 -axis = a. It is thus found that the 
degree of association of the carbon dioxide molecules in the solid phase is infinite 
and so is their degree of packing as compared to the same in the gas phase. Both 
these experiences are clearly understood if we realize that the carbon dioxide mole¬ 
cules form part of a crystal lattice in the solid phase. For the modern concep¬ 
tion identifies a molecule with the entire crystal. X-ray and electron-diffrac¬ 
tion studies of crystals demand that the familiar inorganic molecules such as 
NaCl, CaCOs, or ZnS should have no existence in the solid state as such, but 
form part of a continuous lattice where their separate identity is lost. 

It remains to be explained how two solid phases make their appearance as 
compared to only one in the case of true adsorption. The answer is given partly 
by Langmuir himself (21). When oxygen is adsorbed on a tungsten surface, 
a film of the oxide is formed. “Two primary valences of the oxygen are turned 
downwards, and are saturated by the tungsten. . . . The hexavalent tungsten 
atoms are, however, not saturated by the oxygen, so that they are held firmly 
to the underlying layer of tungsten atoms.^^ We can think of another arrange¬ 
ment of oxygen atoms, such that they lie in the same plane as the tungsten 
atoms, surrounded by them, or partly by other oxygen atoms, much as they do 
in the actual space lattice of the oxide, WOs. The two cases differ in the im¬ 
portant respect that whereas the original tungsten surface remains homogeneous 
in the first one, it becomes heterogeneous in the second, although primary 
valences may be involved in both combinations. In the first case, the surface 
layer of oxygen is a continuation of the gas phase in the sense that it is not 
attached to any particular tungsten atom but is free to move from one point to 
another on the surface, a necessary condition for a solution effect; whereas in 
the second, an additional phase, the crystal lattice of WO 3 besides that of tungs¬ 
ten, appears, containing ox 3 ’'gen which has lost its mobility, a necessary condition 
for the “precipitation^^ of a solid phase. The number of phases thus increases 
by one, and the degree of freedom is lost by one. It is thus imnecessary to 
assume that the combination of carbon dioxide and calcium oxide takes place 
at the phase boundary of the two. The flat initial portion of the isotherm (from 
zero pressure to dissociation pressure) must then conform to the first mechanism 
whereby a feeble adsorption of carbon dioxide on the solid takes place until 
enough pressure is developed to force the gas molecules into the crystal lattice 
of calcium carbonate. The whole process can be easily compared to the taking 
up of hydrogen chloride by aqueous silver nitrate solution. The Langmuir 
mechanism leaves unexplained the absence of the phase boundary below the 
dissociation pressure during which stage minute quantities of carbon dioxide 
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must be taken up. Incidentally^ Has line of thought neatly explains the specific 
character of chemical reactipns where a solid separates, which comprises most 
cases of complex formation; for specific chmicaJ reactions must always be identi¬ 
fied with specific steric considerations. 

The magnitude of energy changes cannot be made the basis, of distinction 
between true chemical reactions on the one hand and adsorption or ordinary 
distribution processes on the other. The distinction Ues in the fact that chemi¬ 
cal reactions always involve a distribution in spaces of zero dimension, whereas 
the other processes involve spaces of one, two, or three dimensions. Even 
this distinction is lost in that type of adsorption which is governed by equation 
5. A distinction of theoretical character still persists in the relative degree of 
packing (fc) which should, in general, be finite for cases of adsorption or ordinary 
distribution, but infinite for true chemical reactions where a new phase separates. 
This consideration requires that the lower part of the isotherm corresponding 
to equation 5 should coincide with the zero pressure axis. Such cases have 
been strikingly realized in the adsorption measurements of McBain and his 
students already referred to. Such behavior is certainly difficult to explain on 
any of the current theories of adsorption. 

PERIODIC ADSORPTION 

The phenomenon of linear adsorption has been suggested to be the cause of 
certain periodicities in adsorption, first observed by Allmand and Chaplin (1). 
They expressed the opinion that the primary adsorption is on certain active 
spots around which concentric rings are afterwards built up (2). Benton and 
White (3) urge the reverse mechanism, in which primary adsorption is supposed 
to occur along edges of microcrystals constituting the solid adsorbent, which 
then spreads inwards in parallel rows. Whatever the detailed mechanism may 
be, the concept of linear adsorption seems to be an attractive hypothesis for 
the explanation of this type of adsorption. 

SURFACE CATALYSIS 

Reactions of zero order are not infrequent, particularly in biological processes. 
The Langmuir theory requires that such reactions shall occur only when the 
catalyst surface is saturated with the reactant. The present hypothesis pro¬ 
vides this possibility for those cases also where the surface as a whole is not 
fully covered, for it is enough if the active points or lines are saturated. In 
the case of points, it is immaterial whether all of them are covered or not, for 
the amount of adsorption is independent of concentration at any stage—a 
viewpoint particularly to be favored in biological reactions. According to 
Hogness and Johnson (18), the rate of decomposition of germanium hydride on 
metallic germanium is proportional to the cube root of the pressure. This 
experiment is easily understood if decomposition occurs mainly among linearly 
adsorbed molecules. According to Langmuir’s ideas, this case requires that 
the GeH 4 molecule be adsorbed on three elementary spaces (w = 3), each prod- 
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uct of decomposition subsequently occupying a unit space (rn = 1). A physical 
picture of this mechanism is not easily acceptable. The rate of decomposition 
of stibine on antimony, studied by Bodenstein and Stock (4), varies as p®*. 
This result agrees with the simple concept that decomposition occurs mainly 
among molecules adsorbed in a general way on the surface. Decomposition of 
arsine, phosphine, and formic acid on certain surfaces is apparently mono- 
molecular (17), i.e., the rate is proportional to the gas pressure. This result is 
pc'ssible in various wayer. Thus, the decomiposition may occur as a result of 
biaary collisions between molecules from the gas phase and those adsorbed on 
certain active spots; it may also occur as a result of collision between molecules 
lii early adsorbed and those generally distributed on the surface; for the rate 
in the latter case: 

dx/dt = A: [AsHjlunelAsH ,^ k’-p 

For such cases, which are of frequent occurrence, the Langmuir theory requires 
that each decomposition product occupy the same number of elementary spaces 
as it did when it was a part of the oiiginal molecule. 

The rate of decomposition of am,monia on platinum is proportional to its 
pressure and inversely proportional to the pressure of hydrogen gas (33). Cor¬ 
responding to the two mechanisms for decomposition of arsine, the reaction 
may be written as 

point + + N2^, (a) 

or 

+ ^2,prince + N 2 (b) 

The effective concentration of ammonia molecules on the active lines will no 
longer be proportional to pnhi > since other kinds of molecules are also present. 
The actual quantity krPNH, niust be replaced by the fractional concentration 



say. If the mechanism corresponding to equation b is considered probable, 
the rate of reaction will be given by 

dx/di = const -Pline- •f surface 

If the ammonia and nitrogen terms in the denominators may be neglected in 
comparison with the Hs temis, we finally get 

.^2/8 ^ 

dx/di = Const . • ^^ 3 * = Const , 

PB2 PB2 PB2 

The most general velocity equation may evidently be written as": 


dx/d^ ~~ Const * Ppoint * PIme * PBvirfaoe * Pgas 
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This consideration may probably be helpful in clarifying the hi&erto unex* 
plained rate of decomposition above a pressure of 10 mm., which is reported to 
be governed by 

. , [NH>1 [NH,] 

ax/at - k ^ 

Finally, the idea of linear adsorption has been utilized elsewhere (32) by Sdiwab 
and Pietsch to explain the complicated oxidation of* sulfur dimdde. 

SUMMARY 

1. Adsorption on solids has been regarded as a distribution of molecules on 
isolated points, lines, patches, and the entire bulk of the adsorbent. These 
processes may occur singly, or in combination. 

2. A simple interpretation of the classical adsorption equation has been indi¬ 
cated on this basis. 

3. A few applications of the present hypothesis to some general facts of ad¬ 
sorption, chemical reactions, and surface catalysis have been discussed. 

4. The distinction between chemical reaction on the one hand, and adsorption 
or ordinary distribution on the other, has been presented from a new point of 
view. 

In conclusion, the author wishes to thank the authorities of Patna University 
for the grant of a postdoctorate Research Fellowship. He also records his 
gratefulness to Prof. Dr. P. B. Ganguly and Principal K. Prosad for their kind 
interest in this work and for helpful criticisms. 
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INTRODUCTION 

It is well known that on mixing two hydrophobic sols of opposite signs of 
charge, mutual adsorption of the oppositely charged particles takes place with the 
lowering of the f-potential of the mixed particles (c/. Freundlich (5); Weiser and 
coworkers (16-18)). Weiser and coworkers have shown that the precipitating 
power of a positive sol for an oppo.sitely charged colloid is determined by (a) 
the magnitude of the f-potential in the two sols, (b) mutual adsorption of oppo¬ 
sitely charged particles, (c) the presence of precipitating ions as impurities in 
the sol, and (d) the interaction between stabilizing ions in the sols. It appears, 
however, that there is no definite infonnation in the literature regarding the 
chemical composition of the mutual coagulum. Thus the precipitating colloids 
may lie side by side or definite chemical compounds ma}^ be formed. These 
alternative points of view have important bearings on the formation of clay 
complexes. 

The alumino-silicates of rocks are broken up by hydrolysis mostly into oxides 
of aluminum, silica, and other oxides which, when first formed, are present in 
the colloidal state. The colloidal sesquioxides are positively charged, whilst 
colloidal silica is negatively charged; mutual coagulation takes place between 
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these oppositely charged colloids, leading to the fomiation of clay minewds. 
According to this picture of the formation of clay minerals, the clay complex is 
a composite body, the ultimate constituents of which are alumino-silicate min¬ 
erals, silica, and oxides of aluminum and iron lying side by side. Mattson (7), 
however, thinks that the clay minerals which are formed by mutual coagulation 
are compounds of alumino-silicates of indefinite composition and are formed by 
the interaction between the oppositely charged alumina and silicic acid sols. 
The evidence of x-ray diagrams showing definite crystalline patterns proves 
that Mattson’s theory, as such, cannot be true. It is now held that part of the 
clay complex consists of crystalline materials and part of silica and oxides of 
aluminum and iron. It was accordingly conadered interesting to determine 
the percentages of free silica and free oxides of aliuninum and iron in the pre¬ 
cipitates formed by mixing negatively charged colloidal silica with positively 
charged colloidal oxides of aluminum and iron. Truog et aL (15) have deter¬ 
mined experimentally the total amounts of free silica and of free alumina and 
iron oxide in the clay complexes (c/. also Drosdoff and Truog (4)). It was felt 
desirable that this method should be applied to the determination of the per¬ 
centages of free constituents in the coagulum formed by mixing oppositely 
charged colloidal silica and alumina and iron oxides. The method has obvious 
limitations, since it has been shown by Truog et ah {loc. cit.) themselves that 
from nontronite, an iron silicate mineral, iron was extensively released (12.60 
per cent Fe 203 ) by this method; in other words, the method does not properly 
distinguish between free and combined iron oxides. In spite of these limitations 
it was felt that the method should give an approximate measure of the contents 
of free silica and free sesquioxides in the precipitates. Generalizations drawn 
from such data should therefore be recognized to be approximately applicable. 

Raychaudhuri and Qudrat Ghani (12) have shown that the uptake of base is 
highest with alumino-silicate gel having a Si02: AhO® ratio of 8.0, Also, Ray- 
chaudhuri and Hussain Miah (11) have shown that freshly prepared alumino¬ 
silicate gels possess much less buffer capacity than aged ones, and that the 
buffer capacity of freshly prepared materials passes through a maximum value 
with increasing Si 02 :Al 203 ratios, whilst with aged ones the buffer capacity 
continuously increases as the Si 02 :Al 203 ratios of the precipitates increase, 
attaining a maximum value with pure rilica gel. The maximum value of buffer 
capacity at a certain Si 02 :A 203 ratio of the freshly prepared gels is in agree¬ 
ment with the findings of Mattson (6, 7) and Wiegner (19). Chatterjee and 
Sen (3), working with synthetic mixtures of colloidal solutions of silicic acid 
and aluminum hydroxide, have given evidence of a slow interaction between 
colloidal silicic acid and aluminum hydroxide. 

Raychaudhuri and Datta (10) have determined the properties of alumino¬ 
silicates formed under different conditions of mutual coagulation. These 
authors have mixed silicic acid and aluminum hydroxide sols in three molar 
ratioa (Si02: AI 2 O 8 = 2, 3, and 4) in the following ways, and have studied the 
physicochemical properties of the precipitates: (I) silicic acid sol was added 
slowly at the rate of about 120 drops per minute to an aluminum hydroxide 
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sol in a beaker with continuous stirring; {2) aluminum hydroxide sol was added 
slowly, at a rate of about 120 drops per minute, to a silicic acid sol in a beaker, 
with continuous stirring; (S) silicic acid sol and aluminum hydroxide sols were 
taken in two bottles and were allowed to come in contact with each other drop 
by drop. It was found that on heating in steam autoclaves, the precipitated 
alumino-silicates tend to acquire more and more the properties of clay minerals. 
It was therefore felt desirable to investigate in greater detail the physico¬ 
chemical properties of the mutual coagiilum formed under different conditions, 
especially the percentages of free silica and free sesquioxide components (as de¬ 
termined by the method of Truog et ah) which maybe present in the precipitates. 
It was also felt desirable to determine the distribution of sizes of particles in 
the precipitates. The electroosmotic charges and the Si 02 : AI 2 O 3 ratios have been 
determined. Next to alumina, iron oxide is the most important constituent of 
the clay fraction; hence it was also felt desirable to obtain precipitates by mixing 
oppositely charged colloidal solutions of silicic acid and ferric hydroxide and to 
determine the important physicochemical properties of these precipitates. 

EXPERIMENTAL 

Preparation of sols and precipitates 

Silicic acid sol: Silicic acid sol was prepared by adding a 10 per cent solution 
of sodium silicate (Merck) to an excess of dilute hydrochloric acid, and \vas 
dialyzed in a parchment bag in running distilled water for 3 days. 

Aluminum hydroxide sol: Ammonium hydroxide w’as added drop by drop 
to an 8 per cent solution of aluminum chloride. The precipitate was filtered 
through a Buchner funnel and was well w^ashed with hot water. This precipi¬ 
tate w^as then transferred to a flask containing w^ater, the actual proportion being 
1 liter of w^ater for every 3 g. of AbOs. The whole was then heated and kept 
boiling, and 0.05 N hydrochloric acid was added from a buret. After each 
addition, water was added to replace that boiled off. An opalescent liquid 
that could be filtered unchanged was obtained. The colloidal solution of 
aluminum hydroxide, thus prepared, was then subjected to dialysis in a parch¬ 
ment bag for several days, till almost all the chloride w^as removed. 

Ferric hydroxide sol: A 10 per cent ferric chloride solution w^as prepared. Of 
this 40 cc. was added to 2 liters of boiling water, whereupon colloidal iron hy¬ 
droxide was formed. The sol was then dialyzed in parchment bags. The 
dialysis w^as continued for several days in running distilled w^ater, till almost all 
^he chloride was removed. 

Alumino-silicaic. precipitates: The silicic acid and aluminum hydroxide sols 
w^ere mixed (in proportions such that the mixture w^ould contain silica and 
alumina in the ratios 2, 3, and 4) in different ways, such as: (i) Aluminum hy¬ 
droxide sol was added to silicic acid sol at the rate of 60 drops per minute, {ii) 
Silicic acid sol w’as added to aluminum hydroxide sol at the rate of 60 drops per 
minute. (Hi) The sols were mixed drop by drop with each other, and the 
rate of addition of drops w as from 100 to 120 drops per minute. Nine precipi- 
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tates having Si02: AhOs mtios of 2, S, and 4 were prepared in these three different 
ways. 

Irm-ailicaie precipitates: The silicic acid and ferric hjrdroxide sols were mixed 
in the proportion SiO^tFesOs — 2 and in three different ways, as in the case of 
the alumino-silicates. The precipitates appeared only after dialysis for 12 to 
24 hr. 

Purification of the precipitates: Both the alumino-silicate and the iron-sili¬ 
cate precipitates formed were first washed by ordinary dialysis in parchment 
bags and subsequently by electrodialysis in a three-compartment apparatus, 
until there was no change in the conductivity of the wash water. 

Determination of total silica^ ahmina^ and iron oxide: The procedure followed 
was essentially that given in reference 1. 

Determination of the electrical charge by electrodsmosis: The electrodsmotic ex¬ 
periments with the precipitates were carried out by the modified method of 
Briggs, Bennett, and Pierson (2), as recommended by Mukherjee (8). 

Determination of free alumina j free silica, and free iron oxides: The percentages 
of free alumina, iron oxides, and silica were determined by following the method 
of Truog et al (15). 

Determination of saturation capacity: The saturation capacity was determined 
at pH 7.0, by the barium acetate and ammonium chloride method of Parker (9). 

Determination of buffer curves: The buffer curves of the precipitates were 
obtained by the procedure adopted by Schofield (14). 

RESULTS 

A. Physicochemical properties of alumino-silicates 

In the following tables, the symbols Ai, A 2 , and M denote alumino-silicate 
precipitates, silicic acid sol being added from buret to alumina sol in the beaker; 
Bi, B 2 , and B 3 stand for precipitates obtained by adding alumina sol drop by 
drop to silicic acid sol; Ci, C 2 , and Cs were obtained by mixing silicic acid and 
alumina ^Is in drops. 

Table 1 shows the Si 02 :Al 203 mixing ratios and the percentages of moisture 
contents of the various precipitates. 

Table 2 gives the data for the Si02:Al20« composition ratios of the different 
alumino-silicate precipitates, together with the electroosmotic charges. 

Table 3 shows the percentages of free alumina and free silica of the alumino¬ 
silicate precipitates. 

B, Physicochemical properties of iron-silicale precipitates 

Tables 4 to 6 give the data on the physicochemical properties of the iron-sili¬ 
cates. The mixing ratio Si 02 :Fe 203 of the sols was 2.0 in each case. The 
following notations were used: (i) Di stands for the precipitate obtained by 
adding silicic acid sol dropwise to ferric hydroxide sol; {ii) Ei stands for the 
precipitate obtained by adding ferric hydroxide sol dropwise to silicic acid sol; 
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and (m) Fi stands for the precipitate obtained by mixing silicic acid and iron 
hydroxide sols drop by drop. 


TABLE 1 


PncmTATl NO. 

icixiNO &ATI08 (SiOs:AlfOi) 

HY0KO8COPIC MOISTUSS 

A,. 

2.0 

ptf cent 

91 

B,. 

2.0 

89 

c,. 

2.0 

91 

A,. 

3.0 

94 

B,. 

3.0 

91 

c,. 

3.0 

92 

Af. 

4.0 

91 

B,. 

4.0 

91 


4.0 

90 


TABLE 2 


PIECIPITATB NO. 

COMPOSITION PATIO 

(SiOi:AliO*) 

electpo5smotic movement of the 

BUBBLE PEE 5 MIN. 

Ai. 

1.6 

cm. 

-2.2 

B,. 

1.0 

-0.7 

C.. 

1.8 

-2.4 

As. 

1.8 

-2.3 

B,. 

2,6 

-3.2 

C,. 

2.5 

-3.4 

A,. 

3.5 

-3.6 

B,. 

3.5 

-3.2 

C,. 

2.1 

-3.7 

Silicic acid gel. 


-5.9 

Alumina gel. 


+2.5 


TABLE 3 


pbscxpitate no. 

FEEE AlsOt 

PEEE SiOs 

FEES AUOi + feee SiOl 


per cent 

per cent 

per cent 

Ai . 

10.7 

23 

33.7 

Bi. 

8,3 

13 

21.3 

c.. 

14.5 

19 

33.5 

Aj. 

8.9 

21 

29.9 

B,. 

6.0 

27 

33.0 

C,. 

4.0 

33 

37.0 

A,. 

9.9 

37 

46.9 

B,. 

4.0 

43 

47.0 

C,. 

4.6 

44 

48.6 


Table 4 shows the percentages of hygroscopic moisture, the chemical com¬ 
positions (Si 02 :Fe 20 s), and the electroosmotic charges of the precipitates. 
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Table 6 shows the percentages of free Si02 and free Fe208 in the iron**silioate8. 
Table 6 gives the data on the uptake of base in milliequivalents per 100 g. 
of oven-dry material at different pH values. The corresponding data with SiOs 
and Fe 208 gels are also included. 


TABLE 4 


PESaPZTATE NO. 

EYOEOSCOPZC KOZSTUEE j 

CONPOSZTZOK EAtZO 

(SiOttFeiOi) 

ELECTEOeSKOTZC ICOVEKENT 
OP TEE BUBBLE PEE 5 lOl?. 


per cent 


cm. 

D,. 

84,7 

1.67 

-0,2 

E,. 

83.9 

1.86 

-0.9 

F,. 

' 83.1 

1.81 

-0.3 

Silicic acid gel. 



-6.2 

FejOl gel. 



+2.6 


TABLE 6 


PBBCZPXTATB NO. 

PEEE SiOs 

PEEE FeiOi 

lEBS SiOt + lEEB FeiOt 


per cent 

percent 

percent 

D, . 

34.06 

66.04 

100.09 

El. 

36.00 

64.00 

100.00 

F,. 

36.20 

63.81 

100.01 


TABLE 6 


PBJECIPITATE NO, 


UPTAKE OP BASS XNimXIEQUlVALKNTI PEE 100 O. OP OVEN-OEY MATEEZAL 


pH - 1.3 


D. .i 

-48.0 

E,.1 

-39.6 

Fi. 

-47.5 

SiOj gel. 

+2.0 

FejOj gel. 

-96.7 


pH - 2.9 

pH - 4.6 

pH - 7.1 

1 

bo 

pH - 12. 

-25.6 

-10.6 

+40.8 

+150 

+422 

-28.5 

-10.8 

+39.3 

+160 

+473 

-25.9 

-15.0 

+38.8 

+170 

+511 

+2.0 

+6.9 

+12.7 

+107 

+149 

-100.9 

-30.8 

+27.1 

+86 

+160 


DISCUSSION 

A. Work on alumino-silioates 

Table 1 shows that the moisture contents of the precipitates are very high, 
approximately 90 per cent. This large amount of moisture should not have 
affected the results, since the data have been expressed on an oven-dry basis. 
Table 2 shows that the composition ratios of the precipitates are less than the 
mixing ratios. Similar results have been obtained by Raychaudhuri and 
Qudrat Ghani (12). Table 2 also shows that when silicic acid sol from the buret 
is added to aluminum hydroxide sol in the beaker, the Si 02 :Al 208 ratios are 
1.6, 1.8, and 3.5, the mixing ratios being 2, 3, and 4, respectively. It is 
therefore noticeable that the highest amount of silica is retained by the pre¬ 
cipitates when the sols are mixed in the ratio SiOa: AI 2 O 3 =* 4.0. The same fact 
is noticeable with precipitates Bi, B 2 , and Bs, in that the composition ratio 

















ALtJMINO-SimJATES AND IRON-SILICATES 


459 


(Si 02 :Al 208 ) is highest (3.5) when the sols are mixed in the ratio Si 02 : AI 3 O 3 « 
4,0. With precipitates Ci, C 2 , and Ca, however, the precipitate having the mix¬ 
ing ratio Si 02 :Al 208 = 3.0 has the highest composition ratio. Table 2 also 
shows that the electrodsmotic charges of all the alumino-silicates are negative, 
except that of AI 2 O 3 gel which is positively charged. It is found that the higher 
the composition ratio (SiOa: AI 2 O 3 ), the higher is the electroosmotic charge. 
This corroborates the findings of Mattson (6), who has shown that the base- 
exchange properties of alumino-silicate precipitates increase with the increase in 
the ratio of silica to alumina. The data in table 2 show that the electroosmotic 
charge depends on the mode of formation of the precipitates. For the same 
mixing ratio, the precipitate formed by mixing the sols dropwise possesses the 
highest electrodsmotic charge. Table 3 shows that the higher the mixing ratio 



UPTAKE OF BASE IN M, EQ. PER 100 G. OVEN-DRY MATERIAL 
Fig. 1. Buffer curves 


(Si 02 *.Al 203 ) of the precipitates, the higher is the percentage of free silica. On 
the whole, it appears that in the mutual coagulation of oppositely charged 
aluminum hydroxide and silicic acid sols, the greater portion of silica and alu¬ 
mina remains in the combined state, as is evidenced by the sum of the percentages 
of free alumina and free silica {vide table 3).^ This may be due to the strong 
chemical affinity between silica and alumina. 

B. Work on iron-silicates 

Table 4 shows that the moisture contents of ail the iron-silicate precipitates 
is nearly 83 to 84 per cent. Table 4 also shows that the composition ratios 

^ In view of the limitations of the method of Truog et aL for the determination of free 
silica and free sesquioxides, as pointed out above, this fact of itself does not preclude com¬ 
pound formation. 




460 8. f, BAYciHAinMsimi Ain> aihs hasak 

• 

(SOaCFejOi) of aU the precipitates ore less than the mudng ratios 02*0}^ Ihe 
eleotioOsmotic charge is always n^ative umI increases as the coospontitm ratios 
(SiOiiFetOa) increase. Table 5 tirows the percentages oS free alica and free 
ircot oxide components in the iron>tiiicate precipitates. It is interesting to 
note that the sum of the percentages of free silica and free iron oxide (xanpanents 
add up to 100 with all three precipitates.^ It appears likely, therefore, that in 
the coagulum, Di, Ei, and Fi, silicic add and iron hydroxide have remained 
generally side by side. The fact that mineral formation has not ttirnn place 
to a considerable extent is also evidenced by the low base-combining capacity 
of the coagulum (table 6). 

Table 6 gives the data on the uptake of base, at different pH values. The 
corresponding buffer curves are shown in figure 1. It will be seen from the 
curves that up to pH 7.0 the buffer curves are steep, indicating that the buffer 
capadties of these materials are very low up to this pH. After pH 7.0, however, 
the buffer curves are flatter. The buffer curves of the freshly predpitated ferric 
oxide gel and of the silicic add gel are steeper throughout than those of the 
iron-silicate precipitates, indicating that they possess less buffer capacities 
throu^out the pH range. These observations suggest, therefore, that com- 
'tination between silicic acid and ferric oxide sols takes place more effectively 
above pH 7.0, whilst below pH 7.0 the precipitates contain iron oxide and silica 
more in the free state. That these constituents of the precipitates are generally 
in the uncombined state, under ordinary conditions of precipitation, has been 
shown in connection with the studies on the free iron oxide and free silica con¬ 
tents of the precipitates (table 5). 


SUMMARY 

Alumino-silicate gels have been prepared by mixing alumina and silicic acid 
sols in the ratios SiOj: AUOs = 2,3, and 4 in three different ways. Iron-silicate 
gels have also been prepared by mixing iron hydroxide and silicic acid sols in 
the ratio SiOjCFejOj = 2 in the same three ways. The precipitates have been 
purified by electrodialysis, and the following properties of the purified precipi¬ 
tates and of electrodialyzed silica, alumina, and iron oxide gels have been studied: 
(a) chemical composition (Si 02 :Al 20 j ratio); (6) electroosmotic charge; (c) 
percentages of free silica, free alumina, and free iron oxides; (d) saturation 
capacity; and (e) buffer curves. 

The aliunino-silicate and iron-silicate precipitates are negatively charged, 
and the negative charges bear fair correlation with the composition ratios 
(Si 02 :Al 20 s or Si 02 ;Fe 208 ). 

In the alumino-silicates the greater part of the silica and alumina remains in 
the combined state, and the extent of combination depends on the pH. In 
the iron-silicate precipitates below pH 7.0, silicic acid tmd iron hydroxide re¬ 
main generally in the free state. 
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Exp(Tini('nts on the inlluenee of (Iivinylhenz(*ne on the ]}olymerizatioii of 
styn^ne wen^ earriiHl out si^vi'ral years ajJio liy Staudinj^iu* cl at. (4, 5) anil simi¬ 
lar studies w(*r(‘ recently published by Uh. Walliiifj; (7). The j)rineipal result 
is that copolymers containing only a few per ci'iit of the cross-linking agent ari' 
insoluble in tuaizene, toluene, ethyl methyl ketone, (‘tc., but do swell in such 
liquids. Tlu* purpose of this article is to invivstigate the molecular-sizi' dis¬ 
tribution of copolymers of styrene and divinyl derivatives. 

Divinylbenziaii* is difficult to obtain and preserve in the puri^ monomiM* state 
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because of its strong tendency to polymerize as soon as the last traces of inhibi¬ 
tor are removed. It seemed, therefore, advisable to carry out the cross linking 
with other divinyl derivatives, which are solid around and above room tempera¬ 
ture and therefore can be adequately purified by repeated crystallization. 

Two new divinyl derivatives, divinyldiphenyl and diisopropenyldiphenyl, 
were prepared for this purpose. Immediately after their preparation both 
substances are fusible and soluble and exhibit the sharp x-ray powder diagram of 
a normal crystalline organic material. After standing at room temperature 
for a few hours, however, divinyldiphenyl loses its sharp melting point, becomes 
insoluble in all solvents, and its x-ray powder ceases to exhibit sharp rings. 
Figures la and lb show the powder diagrams of divinyldiphenyl and diisopro- 
penyldiphenyl 8 days after their preparation. The firnt pattern shows only a 



Fig. la. Powder diagram of divinyldiphenyl after it had polymerized in the solid state 
Fig. lb. Powder diagram of diisopropenyldiphenyl showing that this substance has not 
polymerized. 

few diffuse halos, characteristic of most crystalline polymers. The second 
corresponds to the sharp powder diagram of a normal organic chemical substance. 
This indicates that divinyldiphenyl polymerizes at room temperature in the 
solid state, without changing the external form of the needle-shaped crystals. 
Diisopropenyldiphenyl remains fusible and soluble for several months, but ulti¬ 
mately it also polymerizes. It can be stored indefinitely in an ice box and 
therefore was used for all cross-linking experiments. 

PREPARATION OF DIVINYL DERIVATIVES 

Twenty-five grams of diacetyldiphenyl (m.p. 185-187°C.) was added to a 
Grignard solution prepared in ether from 16.7 g. of magnesium and 39 ml. of 
methyl iodide at room temperature. Then 250 ml. of dry toluene was added, 
the ether was distilled off, and the remaining mixture was refluxed for 6 hr. 
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The reaction product was decomposed with a mixture of ice and ammonium 
chloride, and the residue from the toluene solution was dissolved in acetal and 
repeatedly crystallized therefrom. The dicarbinol can be obtained in two 
forms: white silky needles, f.p. C = 78.5 per cent, H - 8.2 per cent; 

and white platelets, f.p. 149-150°C., C = 80.2 per cent, H = 7.9 per cent, 
molecular weight == 267.3. The theoretical values for p,p'-di(hydroxyiso- 
propyl)diphenyl are C == 80.0 per cent, H = 8.1 per cent, molecular weight = 
270. Both forms give the same divinyl derivative upon dehydration. Eighteen 
grams of the dicarbinol was obtained from 25 g. of diacetyldiphenyl. 

Nine grams of the dicarbinol was boiled with 15 ml. of acetic anhydride for 
6 hr. The original material first dissolved completely, but later a white pre¬ 
cipitate appeared, which was separated from the mother liquor on a suction 
filter. By addition of ^vater, more of this material could be obtained from the 
mother liquor. After repeated recrystallizations from isobutyl alcohol, the 
material still exhibited an unsharp melting point around 165®C. and was not 
very stable. Drying in vacuo, even at room temperature, resulted in a yellow 
resinous material before the last traces of solvent could be eliminated. To 
purify the product and obtain a material that is stable for at least half a year, 
a sublimation in high vacuum (1.5 mm.) at 17()°C. has to be carried out. lieauti- 
ful crystals were obtained: m.p. 173”177®C. (closed capillary); analysis, C = 
92.1 per cent, H = 7.8 per cent. The calculated values for the divinyl deriva¬ 
tive are C = 92.3 per cent, II = 7.7 per cent. The yields of the dehydration 
and sublimation steps were almost (juantitative. 

The p,p'-divinyldiphenyl was prepared from p,p'-diacetyldiphenyl; the di¬ 
ketone was reduced by the use of aluminum triisopropoxide in the presence of 
isopropyl alcohol, and the p,p'-di(/3-hydroxyethvl)diphenyl so obtained was then 
dehydrated with activated alumina. It was so much less stable than the homol¬ 
ogous isopropyl compound that it was not used in the present copolymerization 
experiments. 

('OPOLYMERIZATION OF STYRENE WITH DIISOPROPENYLDIPHENYL 

Commercial (inhibited) monostyrene was purified by washing six times in a 
separately funnel with 10 per cent sodium hydroxide solution and then with 
six portions of distilled water. It was then dried for 3 days at 0°C. with cal¬ 
cium chloride. The styrene so prepared was fractionally distilled at reduced 
pressure until it was characterized by the following data: b.p. = 14()°C.; d = 
0,907; n = 1.5434. 

Bulk polymerization was carried out with the following materials in glass 
ampoules: 15 g. purific^d styrene, 0.05 mole per cent benzoyl peroxide catalyst, 
and diisopropenyldiphenyl as cross-linking agent varying from 10 to 1000 parts 
per million. A blank was run containing no cross-linking agent. The poly¬ 
merization took place in a thermostatically controlled water bath at 70°C. for 
3 days, and gave approximately 95 per cent conversion to polystyrene. 

The polymer containing the highest amount of cross-linking agent (l(K)O 
ppm.) was insoluble in toluene. It did, ho\^'ever, swell to several hundred per 
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cent of its oiiginal volume. A (lualitativc representation of this swelling is 
shown in figun* 2. Here, a disc of the polymer is shown in its original size and 
shape (figure 2a), after it has swelled in toluene for several days (figure 21)), 
and after it has l)een allowed to return slowly to its original dimensions out of 
contact with the swcdling agent (figure 2c). 

The polymers containing up to 1(K) ppm. of cross-linking agent, as well as 
the blank, were comi)let(»ly soluble in toluene. They were freed from residual 
monomer by precipitation with an excess of methanol. These polymers were 
further purified by redissohdng several times in ethyl methyl ketone and pre¬ 
cipitating with methanol. 


a b c 



Fkj. 2fi. Disc of polystyrene containing 100 i>pin. (hisoi)ropcnyldiphcnyl 
Kio. 2b. Same disc after swelling in toluene at room temperature 
Fio 2c. Same disir after evaporation of the swelling agent 


FllACTlONAnON OF THFO .SOLUHLE POLYMERS 

Polystyrene without any di\dnyl derivative and the samples containing 10, 
25, and 100 ppm. of the cross-linking agent were dissolved in ethyl methyl 
ketone (2 per cent polymt'r) and fractionally precipitated. This was achieved 
by first cooling the solution to 0°('. and adding methanol drop by drop until a 
slight turbidity resulted. Ihe solution was then warmc'd t.o 20°(\, whereupon 
the turbidity completely disappeared. Upon cooling the system very slowly 
(1()“18 hr.) to O'^C., it split, into two layers which (‘ould ho separated by decanta¬ 
tion. The same procedure \\'as then repeatedly applied to ea(;h layer and a 
number of fractions were obtained in this way. All fractions were reprecipitated 
from ethyl methyl ketone, thoroughly washed, and dried to constant weight at 
room temperature in vacuo. In the case of the polymer containing 10 ppm. 
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twenty fractions were obtained, in all other cases six (compare table 1). Solu¬ 
tions of the fractions in dust-free toluene were used for viscosity measurements. 
The concentrations ranged from 0.2 to 1 per cent. Viscosities were measured 

TABLE 1 

Praciiom of the varioiis copolymers of styrene and diisopropenyldiphenyl with their intrinsic 
^ viscositiesy molecular weights ^ and degrees of polymerization 

A. Sample containing no cross-linking agent 
f » 2.000000; a - 0.99966 


NUicBsa or ruAcnoN 

wxxoBT or rrACTiON 

XNTSIM8XC VISCOSITY 

MOLXCVLAK WXIOHT 

DEOSEE OF FOLY> 
MEKIZATXON 

1 

irams 

0.30 

0.20 

38,000 

380 

2 

0.67 

0.43 

110,000 

1100 

3 

1.36 

0.74 

240,000 

2400 

4 

6.85 

1.38 

560,000 

5600 

5 

6.60 

1.72 

760,000 

7600 


Total initial weight of sample. 16.00 g. 

Total weight of all fractions. 15.67 g. 

Viscosity average DP . 5800 


B. Sample containing 10 ppm. of cross-linking agent 
f « 2.000018 2.00002; DP (calculated) « 6100 


M7MBEB or FBACTION 

WEIGHT or riAcnoN 

XNTEINSIC VISCOSITY 

MOLECULAE WEIGHT 

DEGREE or POLY* 
IISSXZATXON 

1 

grams 

0.09 

0.23 

45,000 

450 

2 

0.08 

0.46 

115,000 

1150 

3 

0.24 

0.56 

163,000 

1630 

4 

1.15 

0.66 

206,000 

2060 

5 

1.35 

0.73 

232,000 

2320 

6 

0.54 

0.90 

302,000 

3020 

7 

1,65 

1.04 

376,000 

3760 

8 

0.59 

1.12 

410,000 

4100 

9 

0.13 

1.15 

426,000 

4260 

10 

0.86 

1.18 

447,000 

4470 

11 

0.49 

1.23 

485,000 

4850 

12 

0.27 

1.28 

500,000 

6000 

13 

0.75 

1.33 

535,000 

5350 

14 

0.73 

1.50 

631,000 

6310 

15 

0.38 

! 1.52 

658,000 

i 6580 

16 

1.26 

1.58 

680,000 

680 

17 

1.11 

1.98 

923,000 

9230 

18 

0.69 

2.03 

950,000 

9500 

19 

1.23 

2.15 

1,060,000 

10,600 

20 

2.19 

3.00 

1,660,000 

16,600 


16.00 g. 

15.67 g. 
6900 


Total initial weight of sample 

Total weight of fractions. 

Viscosity average DP . 
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TABLE l-^ontinued 


(7. Sample eantaining H ppm. of croea-Unking agent 
f ■■ 2.000046 ^ 2.00005; DP (oaloulated) •» 6700 


MVlCBSa Of IBACXXON 

wsiOBi or itAcnoK 

1 

INTWNSXC V1SC08XTY 

KOUtCVLAE waxoax 

DBoasE ov vox.y- 
laitxzATioir 

1 

irems 

0.45 

0.13 

21,000 

810 

2 

0.60 

0.25 

64,000 

640 

3 

1.60 

0.75 

250,000 

2600 

4 

2.25 

0.94 

333,000 

3300 

5 

3.66 

1.23 

480,000 

4800 

6 

6.30 

2.20 

1,070,000 

10,700 


Total initial weight of sample. 16.00 g. 

Total weight of all fractions... 14.86 g. 

Viscosity average DP . 6600 


Total initial weight of sample. 16.00 g. 

Total weight of all fractions... 14.86 g. 

Viscosity average DP . 6600 


D. Sample containing 100 ppm. of cross-linking agent 
f « 2.00018 2.0002; DP (calculated) « 13,300 


j 

NmCBXK OF FSACTION 

WEIGHT OF FEACTION 

INTRINSIC VISCOSITY 

molecular WEIGHT 

DEGREE OT POLY- 
IfERIZATION 

1 

grams 

0.20 

0.50 

140,000 

1400 

2 

1.10 

0.81 

280,000 

2800 

3 

2.36 

0.90 

310,000 

3100 

4 

4.80 

1.60 

690,000 

6900 

6 

6.40 

2.90 

1,600,000 

16,000 


Total initial weight of sample. 16.00 g. 

Total weight of all fractions. 14.86 g. 

Viscosity average DP . 9900 


Total initial weight of sample. 16.00 g. 

Total weight of all fractions. 14.86 g. 

Viscosity average DP . 9900 


at 35®C. in an Ostwald viscosimeter. The capillary was 10 cm. long and 0.4 
mm. in diameter, and had an efflux time for the pure solvent of 80-00 sec. 
Specific viscosities were calculated in the usual way. n»v/o was plotted against 
the concentration c, expressed in grams of solute per 100 cc. of solution, and the 
intrinsic viscosities of the various fractions were obtained by extrapolation. In 
all cases sufficiently straight lines were indicated by the experimental points to 
justify this standard procedure. The molecular weights of the fractions were 
then calculated by formula 1®: 

w - KM- (1) 

® It should be pointed out here that the application of this formula is strictly justified 
only for the uncross-linked material, because both K and a very probably depend upon the 
structural details of the chain molecules, and hence upon the degree of branching or cross 
linking. However, the concentration of the divinyl derivative in the polymer is so small 
that even in the case of 100 ppm. the distance between two branches or cross links along a 
chain corresponds on the average to 10,000 monomer units. It seems therefore not un¬ 
reasonable to use the same constants inequation 1 to convert intrinsic viscosities of the 
fractions in DP^a. 
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Fig. 3. Differential weight distribution curves of polystyrene containing different 
amounts of diisopropenyldiphenyl. The average degree of polymerization, DP, moves to 
higher values as cross linking increases; the maximum of the distribution curve, DPma*, 
however, moves to lower values of DP. 

where K = 1.0 X 10■^ a = 0.72, and [ 17 ] = intrinsic viscosity. The molecular 
weights were found to range from 40,000 to 750,000 for the uneross-linked ma¬ 
terial up to 1,500,000 for 100 ppm. of diisopropenyIdi|)hcnyl. A few of the 
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fractians were also subjected to Ught-soattering measurements, and it was found 
that the molecular weights obtained were in reasonable agreement with the 
values calculated from the viscosity data using equation 1*. 

RESULTS AND DISCUSSION , 

Table 1 contains the results of the fractionation of an uncross-linked sample 
and of three polymers containing 10, 25, and 100 ppm. of diisopropenyldiphenyl. 
The first column shows the number of the individual fraction, the second its 
weight, the third its intrinsic viscosity, and the fourth and fifth its molecular 
weight and degree of polymerization (DP) computed according to equation 1. 
From these data integral and differential molecular weight distribution curves 
were constructed in the conventional way (3). Figure 3 represents the four 
distribution curves of polymers with 0, 10, 25, and 100 ppm. It can be clearly 
seen that even as little as 10 ppm. of a divinyl derivative exhibits a considerable 
influence on the shape of the molecular weight distribution curve long before it 
causes insolubility of the polymer. Such slightly cross-linked polymers have a 

TABLE 2 


A few data characterizing the disirihution curves of vinpl-divinyl copolymers 


CONCENTRATION OE 
OIISOPEOPENYL- 
DIPHENYL 

DPyg 

(observed) 

DPu> 

(cohputed) 

DPya (MAX) 
(observed) 

DPv (MAX) 

(computed) 

MDPu,) 

(observed) 

ppm. 






0 

5800 

(5800) 

2600 

2900 

8000 

10 

6500 

6100 

1600 

2100 

9000 

25 

6600 

6700 

1400 

1500 

11500 

100 

9900 

13300 

1200 

600 

14000 

300 

gel 

00 




1000 

gel 

00 

! 





higher average molecular weight than the noimal polymer prepared under the 
same conditions, and their distribution curve has a greater spread than that of 
the normal polymer. Table 2 shows the weight average molecular weight 
Mwy and the width A(J3P)«, of the distribution curve at half of its maximum 
height, of a normal polymer and of the three cross-linked samples. It can be 
seen that both quantities increase with increasing amount of cross-linking agent. 
Qualitatively this appears as a consequence of the fact that, for statistical reasons, 
the number of tetrafunctional monomers in a chain will be approximately pro¬ 
portional to its length. Larger molecules therefore contain more double bonds 
distributed along their chains and have a greater tendency to develop a branch 
or a cross link than short ones. This results in a distortion of the molecular 
weight distribution curve towards higher DP's,*as shown in figure 3. 

Quantitatively, the theory of cross linking and gelation has been worked out 
by Flory (2) and Stockmayer (6) for polymerization processes involving the 
presence of several-functional monomers. The conditions on which their 
computations are based are not entirely identical with those holding for a radical- 
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t 3 rpe polymerization as investigated in this paper, but their equations contain 
the general tendency of cross-linking agents to shift the average DP to higher 
values and to increase the width of the distribution curve. According to Stock- 
mayer^ the weight average DP of a cross-linked polymer is given by 


DP., « 


1 + a 

1 - (/ - l)a 


( 2 ) 


where a is the reacted fraction of functional groups and / represents the average 
functionality of the polymerizing mixture. For linear polymers equation 2 
reduces to 


DP^ 


1 + g 
1 - g 


( 3 ) 


Because of the small amount of divinyl derivative used in our experiments, 
(/ — 1) is only very slightly larger than unity, and a(f — 1) is smaller than 1. 
This is the range in which still soluble polymers are obtained, the average DP 
of which increases with the amount of divinyl derivative employed. 

To compare our results with the degrees of polymerization as expected by 
the theory, we have first determined a from the Z)P* of the uncross-linked 
polymer {DP = 5800) with the aid of equation 3. One obtains a = 0.99965. 
Using this value and the values for / as they result from the proportion of sty¬ 
rene-divinyl derivative (compare table 1), we have then computed from equa¬ 
tion 2 the weight average degrees of polymerization for the cross-linked samples. 
Table 2 contains in its first column the amount of cross-linking agent empl oyed , 
in the second column the observ’^ed DPw, and in the third column the DPu, 
computed from equation 2. It can be seen that both columns indicate an in¬ 
crease of the average DP and that the numerical values for the 10-ppm. and 25- 
ppm. samples agree fairly closely. The larger theoretical value of 13,300 for 
the 100-ppm. sample as compared with the experimental value of 9900 may be 
explained by the fact that, as often in copolymerization, the amount of divinyl 
derivative in the polymer was not simply proportional to its concentration in 
the monomer mixture. It may also be caused by the fact thp-t the constants 
K and a of equation 1 do not hold any more for polymers with as much branching 
as was produced by 100 ppm. of divinyl derivative. Equation 3 can also be 
used to predict the gel point of the copolymer; it is reached as soon as 


1 + « 
a 


( 4 ) 


^ Reference 6: equation 16 on page 48. 

* The average DP as obtained from viscosity measurements with the aid of equation 
1 is the viscosity average, while Stockmayer^s equations hold for the weight average. If 
the exponent in equation 1 is not too far from unity (above 0.70), the difference amounts to 
about 16-20 per cent. In using the viscosity average instead of the weight average, wc are 
thereby introducing an error of the above magnitude. We presume, however, that because 
of the relatively small number of fractions (five and six; in the case of three of the samples, 
none of the conclusions of this paper can be made with an accuracy better than 25 or 3G 
per cent. * 
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because equation 4 makes the DPv, of equation 3 infinitely large; for the con¬ 
ditions prevailing in our experiments this should happen at about 250 ppm. of 
divinyl derivative. This is in fair accord with a previous observation of Stau- 
dinger and Heuer (4). Evaluating their figures according to equation 4, one 
arrives at a gel point at 225 ppm. of divinylbenzene in styrene. It also is con¬ 
firmed by our own observations that all copolymers containing more than 300 
ppm. of diisopropenyldiphenyl are practically insoluble. 

Another interesting phenomenon is revealed by the distribution curves of 
figure 3. The average DP increases with increasing amount of cross-linking 
agent, but the maximum of the distribution curve moves to lower DP values. 
This is actually predicted in the theories of Flory (2) and Stockmayer (6). 
Considering that in our case/is very close to 2, equation 14 on page 47 in Stock- 
mayer^s paper (6) leads to the following approximate expression for the DP^- 
(max) which is most abundantly present in the polymolecular mixture: 

DP. (mix) - ‘z) to (1 - «) ® 

Using the above values fora and f (compare table 1), one obtains for DP«. (max) 
the values which are given in column 5 of table 2. On comparing them with the 
observed figures in column 4, it appears that the observed rfiift of the maximum 
of the distribution curve towards lower DP^s is in reasonable agreement with 
the theoretical expectation for 10 and 25 ppm. For 100 ppm. of divinyl de¬ 
rivative, however, the observed and calculated values for DP« J^ax) differ 
to a considerable degree. They behave just as the corresponding Z>P„ did, and 
it may be that one of the explanations offered for them can also be applied for 
the maximum. values. 

SUMMARY 

1. p,p'-Divinyldiphenyl and p,p'-diisopropenyldiphenyl have been prepared. 
They are crystalline at room temperature, but polymerize rapidly upon melting. 
Diisopropenyldiphenyl is stable at room temperature for a long time, while 
divinyldiphenyl polymerizes in the crystalline state within a few days. 

2. Copolymers of styrene with 10, 25, 100, and 1000 ppm. of diisopro¬ 
penyldiphenyl were made, and it was found that samples containing more than 
300 ppm. are practically insoluble. 

3. Molecular weight distribution curves fer the soluble polymers were worked 
out. It was found that with increasii^ amount of cross-linking agent the 
weight average DP shifts to larger values, the most frequent DP shifts to smaller 
values, and the distribution curve flattens out. 

The authors are very much indebted to Dr. E. Bergman for his valuable and 
kind help in preparing the divinyl derivatives, and to Mr. D. Whyte for his 
kind interest and financial support. 
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SEPARATION OF METAL IONS BY CATION EXCHANGE 

R. KOZAK AND II. F. WALTON 
Department of Chemistry^ Northwestern University, Evanston, Illinois 

Received June 

It is a well-known fact that metal ions are taken up preferentially from solu¬ 
tion by materials capable of cation exchange. It should, therefore, be possible 
to separate a mixture of cations of varying ionic size by passage through an 
exchanger. This principle has been used by Russell and Pearce (1) in an attempt 
to fractionate the rare earths. Tests have here been made with a number of 
different mixtures—copper and nickel, cadmium and zinc, silver and copper— 
to determine whether a practical quantitative separation (iould be attained by 
cation exchange. 

EXPEUIMENTAL 

The cation exchanger used was the sulfonated coal known as Zeo-Karb, 
which was first washed with concentrated hydrochloric acid to remove metallic 
cations and .small amounts of iron oxide and then rinsed with water. All ex¬ 
periments but the lavSt one cited were performed in a 2-ft. column of 20-mm. 
glass tubing, containing 70 g. of Zeo-Karb. In the last experiment, a 6-ft. 
column, containing 244 g. Zeo-Karb, was used. In most cases, the .solution 
containing a mixture of two .salts was passed through the exchanger at a rate of 
about 10 ml. per minute until one of the metal ions began to appear in the ef¬ 
fluent. The metals were then regenerated with acid, 100-ml. fractions being 
collected and anah^zed. Both ammoniacal and slightly acid solutions of vary¬ 
ing conc(»ntrations were tried. Some typical results are given in table 1. 

CONCLUSION 

The fractionation of metal ions by cation exchange does not give a quantita¬ 
tive separation. The method could be improved by u.singa much longer column, 
but the process would then not be as practical as chemical separation. 

This investigation was supported by a grant from the Abbott Fund of North¬ 
western University. 
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TABLE 1 


SeparaHan of metal tone by cation exekanye 


nmunfT 

XBOXHEEAKT 

xmvBirr 

ntACTlOX 

ANALim 

3116 ml, CUSO 4 ( 0.1 M) + 
NiS04 (0.1 M) + NH 3 

2 M HiSO« 

ml. 

Cu and Ni analysed electrolytic 
cally 



0-100 

100-200 

200-500 

millimoles Cu 

13.4 

33.4 

12.7 

millimoles Ni 
12.4 

26.0 

7.0 




69.6 

46.4 

3076 ml. CdSO* ( 0.1 M) + 
ZnS04 (0.1 M) + NH, 

2 M HtSO« 


Cd and Zn determined polaro* 
graphically 

1 


0-100 

100-200 

200-600 

millimoles Cd 
14.2 

33.8 . 

4.1 

millimoles Zn 

9.6 

18.2 

1.5 




62.1 

29.2 

500 ml. ZnS 04 (0.01 M) + 
CdS04 (0.01 M) ; stopped 
when metal ion first ap* 
peared in effluent 

2 M H,804 

0-100 

100-200 

200-400 

millimoles Cd 
1.0 

3.1 

0.6 

millimoles Zn 

1.2 

3.4 

0.5 




4.6 

6.1 

2 liters AgtS 04 (0.01 M) + 
CUSO 4 (0.01 Af); stopped 
when Cu first appeared in 
effluent 

2 M HsS04 

i 

i 


Ag and Cu determined together 
electrolytically ; Ag determined 
by precipitation as AgCl, Cu 
obtained by difference 



0-100 

100-200 

200-300 

300-800 

millimoles Ag 
1.0 

6.8 

5.4 

16.6 

millimoles Cu 
4.8 

12.9 

0.8 

0.2 




29.8 

18.7 

2 liters Ag 2 S 04 (0.01 M) + 
GUSO 4 ( 0.01 M) ; stopped 
when Cu first appeared in 
effluent 

2Af H1SO4 

0-100 

600-600 

600-700 

700-1300 

millimoles Ag 

0.6 

3.4 

5.1 

21.7 

millimoles Cu 

14.6 

1.3 

0.6 

0.1 




30.8 

16.6 
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INTRODUCTION 

A theoretical discussion of ionic exchange equilibria may be approached 
either from a consideration of the thermodynamics or statistics of a system at 
equilibrium or by developing the kinetics of the exchange process. Kinetic 
theories have been presented by Vageler and Woltersdorf (8), Gapon (2), and 
Jenny (5). 

Vageler and Woltersdorf attempted to apply Langmuir^s adsorption theory 
to the case of ionic exchange. Gapon assumed that ionic exchange is a reversi¬ 
ble process, leading to the formation of two complexes, formed hy adsorption of 
each kind of exchangeable ion. At equilibrium the rates of adsorption of each 
kind of ion must be equal. It is assumed that the rate of each adsorption is 
proportional to the concentration in the liquid phase of the ion which is being 
adsorbed, to the number of the other kind of ion on the colloidal surface, and to a 
constant. 

These two theories apparently are based upon the assumption that the 
adsorption is a simple process involving a monomolecular layer on the colloidal 
surface. Ions are present in the system in one or the other of two discrete 
states,—an adsorbed state and a completely free state. This idea is not en¬ 
tirely consistent with the concept of a diffuse double la.yer. 

THE OSCILLATION VOLUME THEORY 

Jenny’s theory represents the ions as present in a diffuse double layer. Each 
ion required to neutralize the charge on the particle is oscillating in an oscilla¬ 
tion cell adjacent to a charged area on the particle surface. Other ions from 
the added electrolyte may enter the oscillation cells, or may remain in the ex¬ 
ternal phase. A condensed statement of this theory, with minor changes in 
terminology, is presented. 


Ions of eq^ial charge 

The two ionic species in an exchange process are labeled w and h. The rate 
of adsorption of w ions and release of h ions from a surface containing h ions 
may be considered. Each adsorbed h ion is oscillating in the neighborhood of 
one or more active spots, of unit electronic charge, on the surface of the colloid 
particle. The number of active spots per oscillation cell will be equal to the 
charge number of the h ion. The volume of the oscillation cell is Vb. The total 
volume of the system is V, The numbers of wandering w and b ions present in 
the system are Vw and Nby respectively. 

Wandering members of both ionic species w and b may be present in the os- 
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cillation cell of an adsorbed b ion. The numbers of each, n and m, respectively, 
may vary from time to time. The probabilities, Wn and i?»„ of each number 
being present, and the probability, Tf of both being present simultaneously 
may vary. The fraction, otn.m, of the number, n, of w ions present in the os* 
cillation cell of a 6 ion which will be adsorbed will vary with n and w, so that the 
probability of adsorption will be for an oscillation cell containing n 

and m ions, respectively, of the species w and b. The total probability of ad* 
sortition will then be 

= Z «-.« WnB„ = («0 Wo Bo) + (ai Wi Bo + B,) 

n,ni 

+ {a2W2Bo +fi2WiBi+y,WoB2) + ••• ( 1 ) 

where the various coefficients refer to the general term 

The individual probability terms, Wn and Bm^ are functions of the numbers n 
and m of ions actually present at any moment and of the average numbers, 
and iJLby present in the oscillation cells of the b ions. The terms and fib 
are proportional to the niunber of wandering ions per unit volume of the system 
and to the volume of the oscillation cell. That is, 

Mu- - yNw and Hb - yNb 
The probability terms are then 

W.ivo) = ^ and ^ e-*** 

Equation 1 then becomes 

+ ^ + 7* ^^ + ... J (2) 

The rate of adsorption of w ions by the colloid is proportional to P, the prob¬ 
ability of adsorption for each cell; to Zby the number of cells; and to/(w), a func¬ 
tion of the velocity of the ions. Thus, we have 

^ = z»F„/(w)» (3) 

We may now consider a surface containing w ions. Since the number of ac¬ 
tive spots per oscillation cell is the same for the two kinds of ions if they have the 
same charges, an expression similar to equation 3 will hold for the adsorption of 
b ions in the oscillation cells of w ions. At equilibrium 
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Comparing equations 1 and 2, we note that ao, and 72 equal zero. Further¬ 
more, since Vh and Vv, are very small compared ^\ith V, the higher terms in equa¬ 
tion 2 may be quite small. To a first approximation they may be neglected, 
pariicvlarly since they occur to the same power in both nuineraior and denominator 
of the expansion of the right member of equation 4 . The ratio of the exponentials 
is approximately unity. We may, therefore, write 


ZbNw _ Vu,o^mf(u)b 
Zut Nb Vb Oll{v>)fiu)v> 


(5) 


Jenny has assumed that the ratios Vu,/Vb, oii(^b)/oti(w), and f{u)b/f{u)„ are 
constants, the latter two equal to unity, so that is a constant. 

Although, by elimination of the higher terms in equation 2, a result identical 
with Gapon’s equation is finally obtained, Jenny^s theory is probably to be 
preferred. The approximate character of the final result is explicitly indicated. 
The value K may be expected to vary somewhat with variation in Ny, and Nb- 
The direction, and possibly the approximate magnitude, of this variation might 
be predicted in favorable cases. Gapon’s theory leaves us no such opportunities. 
Furthermore, as has been stated, Jenny’s theory explicitly recognizes the diffuse 
character of the double layers. 

• 

Ions of unequal charge 

Hofmann and Giese (4) state that in accordance with an investigation by 
Jenny they have attempted to derive an equation for ions of unequal charge on 
the basis of the law of mass action. The method of derivation is not presented 
and it is by no means certain that they utilized Jenny’s method. However, they 
employ the terms vq^ and to symbolize the volumes which are available to 
the calcium or ammonium ions bound to the clay, i.e., the ‘‘oscillation volumes,” 
according to Jenny. It seems probable that they merely set up an equation 
analogous to those which may be derived from the law of mass action considered 
as a chemical reaction, but applied the law of mass action to a partition between 
the external system and the oscillation volumes. Translated into the terms 
used by Jenny, their equation becomes 

If. - K-k)/(f)‘ 

By utilizing the statistical method developed by Jenny, with no reference to 
the concept of mass action, an entirely different expression can be derived. 
Let us consider an exchange involving ions whose charge number equals 1, 
labelled w ions, and ions whose charge number equals 2, labelled b ions. The 
criteria for the equilibrium state cannot be that the rate of adsorption of w 
ions is equal to the rate of adsorption of b ions in the case of unequal charge. 
We may set up the simple criterion that the rate of adsorption of w ions is equal 
to the rate of release of w ions at equilibrium. 

Let us start with a colloid saturated with b ions and consider the rate of ad¬ 
sorption of w ions. The oscillation cell of a doubly charged b ion occupies a 
space adjacent to two active spots. The wandering w ions enter the oscillation 
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cells of the b ions. One tp ion is adsorbed when it gets between one b ion and 
one of the active spots on the colloid, that is, when it breaks one of the bonds 
of the b ion. The w ion will be completely adsorbed but the b ion will not be 
completely released. The probability of adsorption is identical with equation 2 
for ^e case of ions of equsJ chaige. 

We shall now conmder a colloid saturated with w ions which occupy spaces 
adjacent to single active spots. Wandering b ions may enter the^iscillation cells 
of the w ions and release the latter. The rate of release of the w ions will be 
equal to the rate at which the b ions break the bonds of the v> ions and become 
bound to a single active spot with one of the two available bonds. 

In developing the probability of these events, we have to take into considera¬ 
tion additional events which could not occur with ions with equal charge num¬ 
bers. One or more b ions may enter the double oscillation cell of two adjacent 
w ions, and one 6 ion may simultaneously break both bonds of the two w ions 
or, in other words, get in between both w ions and the particle surface. The 
terms Wo, Wi, Wa, etc., may represent the probabilities that a double oscilla¬ 
tion cell diall contain none, one, two, respectively, wandering w ions, and like¬ 
wise the terms Bo, Bi, Ba, etc., refer to wandering b ions. Then for the prob¬ 
ability equations we have 

Po' = (ao'WoBo) + {ai'WiBo + Pi'WoBi) 

+ (aa'WaBo + -h Ta'WoSa) • • • (7) 

The coefficients are primed to indicate that the fractions of ions adsorbed in the 
double cells with w^andering 6’s may be different from those for the case of the 
entering single oscillation cells of b ions. (The chances of one b ion getting 
in between the two w ions and the two active spots may be different from the 
chances of one w ion getting between one b ion and one active spot.) 

Application of the Poisson series leads to the expression (eliminating the ex¬ 
ponential term): 

Pi = ai + ^ ia[N„ + 

+ (y J G + lyM + (8) 

By definition ao, ai, and a*' are zero. Hiis expresaon gives us the probability 
that one b ion will release two adjacent w ions. 

When one b ion is present in the double oscillation cell of two w ions, it may 
replace either one or the other alone (and with equal likelihood for each), as 
well as both aunultaneously. Vdien one w ion has been replaced, this event 
will not influence the probability of the subsequent replacement of the other 
w ion. The two events are independent. Therefore, the probability of both 
occurring ^ultaneously is equal to the product Q.e., the square) of the probabil¬ 
ities of each occurring alone. The probability of one event occurring {done will 
equal the square root of the probability of both occurring simultaneotudy. Thus, 
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the probability of one w ion being released when one h ion is present in the double 
oscillation cell of two 'w ions will be 

Similar considerations will bold for those cases in which varied numbers of w 
and h ions are present in the double oscillation cell of two w ions. The total 
probability of release of w ions, one at a time, becomes 

“ ( Y A' (iT* ■'■■■■ 

It may be noted that, after transformation of the coeflBcients 2 () , the 

third term in equation 9 represents the first term of the series which would have 
been obtained if we had considered simply the probability of a single b ion en¬ 
tering the single oscillation volume of a id ion and neglected the other possible 
events* Mathematically, the Jerms of higher order will be negligible in com¬ 
parison with the first term. Physically, the first term represents an event of 
greater probability than the remaining terms, because the probability of one b 
ion being present somewhere in a double oscillation cell is greater than that for a 
single oscillation cell. The chance of the b ion getting in between the pafticle 
surface and one or the other of the two w ions in a double cell cannot be signifi¬ 
cantly different from the chance of so releasing the w ion from a single oscilla¬ 
tion cell. 

An alternative criterion for equilibrium would be that the rate of adsorption 
of b ions must equal the rate of release of b ions. Equation 8 represents the 
probability of complete adsorption of a 6 ion. In this case we would neglect 
events of higher probability. Likewise, to obtain the rate of release of b ions, 
equivalent to the rate of adsorption of two w ions simultaneously, we should 
have to square the terms in equation 2, also leading to the neglect of the terms 
with higher probability. The proper kinetics involve, for the first approxima¬ 
tion, a process analogous to a reaction of the first order in ordinary chemical 
kinetics. 

The higher terms in equations 2 and 8 may be neglected to a first approxima¬ 
tion. However, it should be noted that the corresponding higher terms do not have 
the same power in this case. This lack of symmetry may be expected to render 
the simplified equation less nearly exact than in the case of ions of equal charge. 

The simplified equation will be 

ZiN„ /3i(2t;„/F)*«/(M)» 

The effect of dilution 

It should be noted that there is a volume factor in this expression The 
expression may be modified by transferring the volume factor, T', to the left 
side. In this case it would appear that JiC is a constant when the concentrations. 
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Nh/V and rather than* the total numbers, Nh and iV«,, of the external ions 

are employed in the calculations. However, Wiegner and Mfiller (9) found in 
an experimental study that the equilibria were conditioned by the total number 
of ions rather than by the concentrations. Diluticm of a .mixture of colloidal 
substrate and ordinary electrolyte did not alter the numbers of ions of each 
ionic species on the colloid and in the external liquid. On the other hand, 
Eaton and Sokoloff (1) and Kelley (6) have presented evidence to indicate that 
iilution of a sodium-calcium soil system affects the base-exchange equilibria 
markedly. The total amount of sodium in the external liquid increased with 
iilution. 

Jenny has suggested that when the exchanging ions are not very dissimilar, 
the ratio v^^/vh may not be affected by the number of migrating ions. As he 
points out, the individual oscillation volumes will increase with dilution because 
the thickness of the double layer on a colloidal particle varies with the electro¬ 
lyte concentration. But the ratio of the oscillation volumes may remain nearly 
constant. Since no volume factor is explicitly present in the case of ions of equal 
charge, as indicated by equation 5, the value of K^hould not be markedly affected 
by dilution except for differences due to hydrolysis. 

Since a volume factor is explicitly present in the case of ions of unequal charge, 
we should expect K to vary with dilution in general, when total amounts of 
ions in the external liquid are employed in the calculations. The rate of varia¬ 
tion with dilution would depend upon the relative rates of variation of Vh and 

with changes in the total volume F. Debye and Hiickel found that for dilute 
solutions of simple electrolytes, the ‘^thickness’’ of the ionic atmosphere varied 
with the square root of the dilution. However, as Hartley (3) has shown, 
colloidal electrolytes cannot be expected to obey th^ limiting law of Debye and 
Hiickel. Furthermore, we are not concerned here with the “thickness*^ of the 
double layer, composed of two ionic species, but with the relative oscillation 
volumes of the two ionic species. It is quite probable that the relative variation 
of Vh and Vu> with V would depend upon the characteristics of the colloidal sub¬ 
strate and the exchangeable ions. In actual cases, a differential degree of hy¬ 
drolysis would be a complicating factor. 

Equation 10 is identical with the equation presented by Gapon (2) for the 
case of a calcium-ammonium exchange. The method of derivation of equation 
10 indicates explicitly the probability that K will not be a constant in general 
over a wide range of variation of colloidal substrate or added electrolyte. The 
simple assumptions made by Gapon do not provide for this possibility. 

A review of the experimental literature indicates that equation 10 generally 
jdelds more nearly constant values of K than several other equations which 
have been proposed by various authors. Some of the available comparisons 
have been prepared by the author for another paper which is now in the process 
of publication. It is not necessary to repeat these tabulations here. For simi¬ 
lar con^arisons the reader may be referred to a paper by Magistad, Fireman, 
and Mabry (7). In this paper, the columns headed ‘‘Gapon*’ in the tables 
refer to an equation identical with equation 10 rather than to the equation 6 
of these authors. In the latter equation, there is apparently a typographical 
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error. The term Ca*^ should be taken to the one-half power rather than to the 
first power. 

The derivation of equations involving ions of other charge numbers than 1 
and 2 should follow the general procedure given in this paper. It does not seem 
necessary to present such derivations, particularly since the common ions of 
charge numbers greater than 2, iron and aluminum, frequently appear to enter 
into exchanges which are incompletely reversible. 

CONCLUSIONS 

The statistical method devised by Jenny for ionic exchange involving ions 
of equal chaige can be extended to ions of unequal charge, provided the criteria 
for exchange equilibria are carefully considered. The simple equations have a 
considerable utility and lead to more nearly constant values of the “equilibrium 
constant” than do many other equations which have been proj)osed. 

In conclusion it should be emphasized that Jenny’s kinetic theory implies 
that ionic exchange is essentially a complex redistribution of ions both between 
an external phase and the ion swarm, and also within the ion swarm. The 
nature of this redistribution depends upon several factors. The process cannot 
be considered as a simple metathesis precisely defined by a simple equation of 
the mass-action type. The equations having the form of simple mass-action 
equations, i.e., equations 5 and 10, must be considered solely as approximations, 
from which there may be considerable variation in “unfavorable” cases. 

SUMMARY 

1 . The kinetic ionic exchange theories of Vageler and Woltersdorf and of 
Gapon are briefly discussed. 

2. The oscillation volume theory of Jenny is described in more detail and the 
advantages of this theory are discussed. 

3. The oscillation volume theory is extended to the case of ions of unequal 
charge and a simple approximate equation is derived. 

4. It is shown that the oscillation volume theory implies that ionic exchange is 
a complex ionic redistribution in the colloidal suspension. The redistribution 
exchange cannot be described rigorously by simple mass-action expressions. 
The simplified equations presented are approximations having considerable 
utility in “favorable” cases. 
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OF CALCIUM AND ZINC CHLORIDES 

DAEWIN J. MEAD and RAYMOND M. FUOSS 
Betfomsh Laboratory of the General Electric Company, Schenectady, New York 

Received April H, IdJfi 

Although a number of mixed salt systems have been studied in the moderately 
low concentration range, very few data are available for highly concentrated 
solutions. We present herewith some exploratory data on the system CaClr- 
ZnClr“H20. No attempt was made to obtain high precision. 

Stock solutions of technical-grade calcium chloride and 2dnc chloride were 
prepared, and centrifuged to remove suspended impurities. Chloride was de¬ 
termined by titration of weighed samples, and then the solutions were adjusted 
to 12.0 iNT by weighing in the required amount of water. Densities given in the 
IrdmMiofml Critical Tables ^vere used to calculate volume concentrations. 
Mixtures were then made up, all 12 N in chloride, in which the Ca:Zn ratios 
were 3:1, 1:1, and 1:3. Next the stock solutions were diluted to 9 iV, the con¬ 
centration checked by titration, and another set of mixed solutions prepared. 
Similarly, 6 N and 4 N solutions were made. Possible volume changes on 
mixing were neglected in calculating the weights of stock solutions taken for the 
mixtures. 

Conductance measurements were made in 4-mm. diameter U-type conductance 
cells, standardized by 1.0 demal potassium chloride solution at 25®C. The cell 
constants (specific conductance of standard solution times cell resistance) were 
112 and 108. A simple direct-reading Wheatstone bridge was used; 2000-ohm 
I.R.C. precision wire-wound resistors vrere the fixed ratio arms, and the cell 
resistance was matched on a General Radio decade box; to compensate cell 
capacity, the circuit included an air capacitor parallel to the decade box. The 
conductances were measured at 1000 cycles; preliminary experiments showed 
that the results were independent of frequency in the range 600-5000 cycles. 
Temperatures were controlled manually; the 25°C. bath was a large beaker of 
water, the 0®C. bath a beaker of ice and water, and the low-temperature bath a 
Dewar flask containing alcohol chilled by controlled addition of solid carbon 
dioxide. 

The viscometers were 36-cc. pipets to which 10-cm. lengths of capillary were 
sealed (diameters 0.5 and 1.0 mm.). The viscometer was mounted in a water 
jacket held at 25°C. It was calibrated by determining the flow time for water, 
and viscosities of the solutions were calculated as 

dt/ddo 

where 17 is viscosity in centipoises, d is density, t is time of flow, and the sub¬ 
script zero refers to water. No kinetic energy correction was made; since the 
relative viscosities varied by better than a decade, the error in neglecting it is 
undoubtedly large. 
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The results are simmariaed in table 1, where concentrations are given both as 
(calculated) normality and as (observed) weight percentage. The sjrmbol F 
indicates that the solution froze. Denmties used are also given; for the pure 
components, they are figures from International Critical Tables and for the mix¬ 
tures, calculated values assuming no volume change, as already mentioned. 
The last coliunn gives viscosity (iy) at 25°C. in centipoises, and the preceding four 
give the specific conductance (k) at the various temperatures. 

Figure 1 shows the results at 25°C., where conductance and viscosity are 
plotted against fraction of zinc in the mixture. Decrease of equivalent conduc- 

TABLE 1 


Conductances and viscosities of solutions of CaCh and ZnCls 


KQUIVALXMT6 P£K 
UTEX 

1 

WEIGHT PEH CENT 

d AT 25*C. 

K 

11 AT 25*0. 

Ca 

Zn 

CaCb 

ZnCli 


25*C. 

0“C. 

~20*C. 

-40*C. 


12.0 

0.0 

45.5 

0.0 

1.465 

0.0808 

F 



13.0 

9.0 

3.0 : 

33.4 

13.6 

1.494 

0.1025 : 

0.0518 

F 


6.49 

6.0 

6.0 

21.6 

26.8 

1.624 

0.1132 

0.0629 

0.0329 

0.0130 

3.69 

3.0 

9.0 

10.7 

39.5 

1.554 

0.090d 

0.0508 

0.0246 

0.0085 

3.42 

0.0 

12.0 

0.0 

51.6 

1.685 

0.0774 

0.0415 

0.0197 

0.0055 

3.68 

9.0 

0.0 

36.9 

0.0 

1.354 

0.1488 

0.0803 

F 


4.88 

6.76 

2.25 

27.3 

11.1 

1.376 

0.1598 

0.0902 

0.0489 

0.0181 

3.07 

4.5 

4.5 

IS.2 

22.2 

1.398 

0.1411 

0.0834 

0.0446 

0.0168 

2.28 

2.25 

6.76 

8.9 

32.4 

1.420 

0.1141 

0.0685 

0.0363 

0.0126 

2.33 

0.0 

9.0 

0.0 

42,5 

1.442 

0.0963 

0.0579 

0.0287 

0.0100 

2.38 

6.0 

0.0 

26.8 

0.0 

1.244 

0.2020 

0.1183 

0.0670 

0.0235 

i 

2.22 

4.6 

1.6 

19.8 

8.2 

1.259 

0.1828 

0.1078 

0.0593 

F 

1.80 

3.0 

3.0 

13.1 

16.2 

1.274 

0.1485 

0.0906 

0.0506 

F 

1.61 

1.5 

4.5 

6.5 

24.0 

1.289 

0.1235 

0.0771 

0.0426 

F 

1.61 

0.0 

6.0 

0.0 

31.6 

1.304 

0.1062 

0.0649 

0.0341 

F 

1.67 

4.0 

0.0 

19.1 

0.0 

1.165 

1 0.1980 

0.1166 

0.0639 

F 

1.54 

3.0 

1.0 

14.1 

5.8 

1 1.175 

0.1654 

0.0988 

F 


1.39 

2.0 

2.0 

9.4 

11.6 

1.186 

j 0.1377 

0.0847 

F 


1.37 

1.0 

3.0 

4.7 

17.0 

1.196 

1.1188 

0.0766 

F 


1.35 

0.0 

4.0 

0.0 

22,6 

1.207 

1 0.1050 

0.0668 

F 


1.41 


tance with increasing concentration is familiar; here, the effect of high concen¬ 
tration is so marked that the specific conductance decreases. The maximum in 
the K-c curve comes at about 5 N. One very interesting fact appears at the 
highest concentrations: replacement of calcium by zinc causes a very sharp 
initial decrease in viscosity but the conductance does not rise correspondingly; 
only a slight maximum in the conductance-mixing ratio plot appears. Evi¬ 
dently zinc chloride is a much poorer conductor than calcium chloride in this 
range of concentrations, although the two salts do not differ greatly at low con¬ 
centrations. 
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I. SURVEY OF EXISTING DATA 

The power possessed by mercury of “licking up” gold and silver has been 
utilized to extract enormous tonnages of these metals in Central and South 
America and South Africa. Pliny refers in his Historia Naturalis to wringing 
gold amalgam through a canvas or leather bag “whereby the mercury exudes 
like a sweat,” a treatment still in use at the beginning of this century. 

At lower temperatures numerous results for the solubility of silver have been 
reported, but above 200°C. one single value appears; this is about the tempera¬ 
ture where the volatility becomes troublesome. 

Joyner (20) in 1911 published six values for the range 14~163°C., preliminary 
to his investigation of dental alloys. From seven very careful determinations 
in the interval 80~200°C., Sunier and Hess (44) found the solubility to be given 
very closely by 

logio N = -1074 (rr' + 0.501 

Using the same apparatus but with greater care in analysis Reed (37) obtained 
slightly lower values for three temperatures near 200°C. 

De Right (7) paid special attention to attainment of equilibrium, starting 
from silver foil, filings, and the intermetallic compound with identical results. 
For the range 18-80°C. he proposed an expression very' similar to the above: 

logio N = -1105.8 (T)-' + 0.5894 

He filtered off the excess solid phase by means of a filter of glass wool plus a 
capillary tube, a combination found to be very satisfactory; values obtained 
with wash-leather filtration were always higher, in accordance with the results of 
Russell (41) for base metal amalgams. Discussing the concept of solubility in 
terms of particle “aggregates,” de Right suggested that some optical property 
might be used to define solubility in view of the opacity of mercury, and concluded 
that greater weight should be given to lower results, provided that equilibrium 
was established. Maurer (26), using a sintered-glass filter, extended this formula 
to the range 5~20°C., but was unable to confirm the existence of aggregates 
of various sizes in solution below 40'^C, 

II. THEORETICAL CONSIDERATIONS 

Two methods of solubility determination are possible. 

(a) Analysis: A small sample of the saturated solution is removed at the 

^ Lecturer in Metallurgy, Heriot-Watt College. 
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TABLE 1 

Values of the soluhtlUy of silver in mercury previously recorded 


OBSBXVXft 

TEKTXSATTTBE 

IN*C. 

(D-i 

* AB80Z.17TS 

4T0iac ncx 
CENT Ac 

SOLUBILITY 

OKA1I8 AbBXB 
100 0. Hg 

BSmCATtON 

Joyner (1911) 

14 

0.003484 

0.07 

0.038 

Analysis by vapouri* 


25 

0.003356 

0.082 

0.044 

sation of mercury 


30 

0.003300 


0.046 



63 

0.002976 

0.19 

0.102 




0.002755 

0.34 

0.183 

' 


163 

0.002294 

1.13 

0.611 


Sunier and Hess 


0.002831 


0.144 

Analysis by precipi- 

(1928)’ 

98.2 

0.002694 

0.411 

0.221 

tation of silver as 


121.9 

0.002535 

0.612 


silver chloride 


144.5 

0.002395 

0.849 

0.458 




0.002306 

1.057 

0.571 



177.9 

0.002217 

1.346 

0.728 



198,9 

0.002118 

1.746 

0.946 


Reed (1928) 

181.8 

0.002206 

1.365 

0.738 

Analysis by precipi- 


193.3 

0.002144 

1.573 

0.852 

tation of silver as 


212.7 

0.002059 

1.953 

0.059 

silver chloride; 
special care taken 
in the assay 

De Right (1933) 

8.92 

0.003547 

0.0641 

0.0344 

Solid phase 8epa< 


18.17 

0.003434 

0.0643 

0.0346 

rated by glass wool 


19.01 

0.003425 

0.0636 

0.0342 

plus capillary; an¬ 


25.28 

0.003352 

0.0766 

0.0412 

alysis by vapour¬ 


25.60 

0.003349 

0.0792 

0.0426 

ization of mem- 


29.93 

0.003301 

0.0881 

0.0474 

cury; special care 


30.15 

0.003309 

0.0965 

0.0519 

given to attain¬ 


40.11 

0,003194 

0.1139 

0.0612 

ment of equilib¬ 


50.02 

0.003096 

0.1450 

0.0780 

rium, starting 


60.26 

0.003001 

0.1901 

0.1022 

from foil, filings, 


70.54 

0.002911 

0.2402 

0.1292 

and compound 


80.94 

0.002825 

0.2892 

0.1557 


Maurer (1938) 

5.72 

0.003588 

0.0421* 

0.0226 

Solid phase sepa¬ 


9.71 

0.003537 

0.0474 

0.0255 

rated by sintered- 


12.39 

0.003504 

0.0519 

0.0279 

glass filter; analy¬ 


18.98 

0.003425 

0.0625 

0.0336 

sis by vapouriza¬ 


16.12 

0.003459 

0.0586 

0.0315 

tion 


19.24 

0.003422 

0.0652 

0.0351 



* The value at 5.72® C. is recalculated from data for the run as given in the memoir 
referred to; in Maurer’s summary of results the figure is incorrectly stated as 0.0403 atomic 
per cent. 


temperature in question, cooled, and analysed. In theory this method is per¬ 
fect but in practice it has some disadvantages. At high temperature, sampling 
must be mechanical to be efficient; this is complicated, and if inversion of a 
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fashioned or constricted tube is used, there is danger from hammer, which is 
serious with such a dense metal as mercury, despite the increased toughness of 
the refractory when hot. Further, unless the sample is sealed off at once, there 
is a risk that the composition may change by distillation if any temperature 
gradient exists, and sealing may set up this very evil through local heating. 
Hume-Rothery and coworkers have recently (16) called attention to serious 
changes in composition in aluminium-silver alloys on annealing at 600-700^0.; 
despite the very high boiling points of 2270^ and 2150^0. marked sublimation 
had occurred. The vapour pressure of silver is 1 mm. Hg at 1218°C. and 0.0001 
mm. at 837°C. 

( 6 ) Direct: The metals are maintained in contact and the solubility is calcu¬ 
lated from observations made after cooling. This method is not so well based 
in theory. By a well-known principle of physical chemistry, when two com¬ 
ponents are maintained in contact, the fields attained at equilibrium are those 
which the isotherm cuts on the binary constitution diagram. The depth of the 
layers (provided it exceed a few million molecules) does not matter; in practice 
it is governed by the rate of solution or diffusion, whichever be the slower. The 
diffusion of silver in mercury is very rapid in the liquid phase (Humphreys (18)) 
and slow in the solid phase (Daniell (5)), so that saturation of the liquid can 
occur long before any large quantitj’’ of mercury has entered the solid silver. 
This was confirmed during the investigation, and it was found possible to obtain 
a core into which little diffusion had taken place, coated with a thin layer of 
silver-rich solid solution in equilibrium with the saturated solution of silver in 
liquid mercury. 

According to the binary diagram (figure 1 ), based mainly on the observations 
of Murphy (30) and of Preston (36), the solution above 276®C. is in equilibrium 
directly with the silver lattice carr 3 dng up to 45 per cent by weight of mercury 
atoms in substituent solid solution. With falling temperature the figure changes 
little, but liquid solubility falls rapidly owing to precipitation of a solid phase. 
Down to 276°C. this is identical with the a coating, but at this point a reaction 
occurs between a and the mercury-rich liquor, to yield a new phase containing 
about 40 per cent silver. [7 was known to the alchemists as the intermetallic 
compound Arbor Dianae] As the system continues to cool, impoverishment of 
the liquor in silver continues by deposition of this (fi) phase. At 127°C. a 
second peritectic between it and the liquor yields the 7 phase, which has the 
structure of 7 -bras 6 , possibly imperfect. For sufficiently slow cooling therefore 
the cross-section would consist of 

Ag-rich a|a + /5|iS|/3 + 7 l 7 l 7 + Hg-rich liquid 

In view of the two peritectic reactions at low temperatures, one involving the 
complex 7 -brass structure of fifty-two atoms in the unit cell, the probability 
of metastability is very high. Murphy has pointed out, ‘Tt appears therefore 
that the reaction between and liquid, as well as between a and liquid, is com¬ 
pletely suppressed with the rates of cooling employed in cooling-curve observa- 
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tions.” From eonsideraticni of his facts one may dednee that formatimi y 
is about one-tenth, complete in about 3 hr. and about nine-tmtbs complete in 
about 3 days at lOO^C. 

The fdllowii^ possible errors are the^ore inherent in Ibe direct melbod: 
(i) That some peiitectic fi or y may remain attached to the core of imdumged 
^ver. (S) Ibat some a formed by diffusion may be removed during separatimi 
of the components at room temperature. Hiese would give too low and too 



Fig. 1. Constitution of synthesized silver amalgams 

high values, respectively, and would be self-destructive to some extent. (S) 
That diflfusion within the solid might form a deep layer of a, virtually removing 
this element from the system. This has been shown to be too slow to have 
this effect. 

During the experiments a very clean separation of amalgam from core was 
invariably obtained, and it is considered that the above factors cannot greatly 
have vitiated the results. This is confirmed indirectly by de Right’s observa- 
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tion that the same solubility was obtained whether from the element or from the 
intennetallic compound. 

III. EFFECT OF USING A SEALED VESSEL 

The bugbear of solubility determination is the volatility of mercury. Minute 
under ordinary conditions, its vapour pressure increases rapidly with rising 
temperature, approximately following the exponential law. 


Tem¬ 

perature 

0 *^0. 

20 *C. 

100®C. 

200 “C. 

jaoo'c. 

400X 

500^0. 

Vapour 








pres¬ 
sure.. . 

1.186 X 10-»cm. 

1.2 X 10~< cm. 

2.6 X 10“* cm. 

1.7 cm. 

25 cm. 

155 cm. 

315 cm. 


An obvious solution is to carry out the determination in a sealed vessel. This 
has the advantage of precluding contamination, but at higher temperatures 
(and this is precisely where the artifice is most necessary) two marked dis¬ 
advantages are evident. 

(1 ) The pressure at which solubility is measured greatly exceeds normal. We 
can estimate the error introduced here by use of the Clausius-Clapeyron relation 

dr _ T{V^ ~ Vi) 
dP Hf 

where Hf is the thermal energy involved, in this case the latent heat of fusion. 

At the melting point of 1234°K., 11/ for silver is 26 calories per gram (Wust, 
Meuthen, and Durrer (46)). 1^ is 9.46 g. per milliliter (19), and the change in 

density on melting is 4.99 per cent (Losana (25)). From these values dT/dP 
= 0.006°C. per atmosphere, since 1 gram-calorie is equivalent to 41.4 ml. atm. 
At the boiling point of sulphur, for example, the vapour pressure of pure mercury 
is about 3 atm., and the solubility of silver sufficient to give a mole fraction of 
about 0.27. If Raoult*s law is obeyed, the vapour pressure above the alloy 
would amount to 2\ atm. and even though it be not, is likely to lie between this 
and the 3 atm. of pure mercury. One may assume it to be 2\ atm. and the air 
pressure within the bulb IJ atm. In comparison, the vapour pressure of the 
silver may be neglected. An excess pressure of 3 atm. would thus raise the 
melting point of silver (if in fact this could ever be depressed to 444.5°C.) by 
0.018°C. The mean atomic volumes of the intermediate phases do not differ 
much from those of the constituent elements—16.9 A.® for silver and 25.4 A.® for 
mercury against 18.4 for Ag 6 Hg 4 and 19.3 for Ag^IIgg (Preston (35)). The heat 
of synthesis of AgsHgs is very small,—^2973 calories according to the physico¬ 
chemical determination of Ogg (31), and 7336 according to his later determina¬ 
tion (32). It appears unlikely, therefore, that the use of sealed tubes can in¬ 
troduce an error even approaching the experimental error. 

{2) The second disadvantage is that it is not easy to obtain a vessel which 
at the w^orking temperature is (a) refractory, (6) non-porous, (r) strong enough 
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to vithetaad tlie high mtenul pressure, (d) not liable to ijittadk or aSoy trith tiie 
metids, and is in addition endowed witb a coefficioit of expansioa low e&oui^ 
to withstand the thermal shock of rapid sealing-off while cold, and also leasw- 
ably workable without too mudi deterioration. 


nr. EXFKRIUENTAI. 

After trial of a number of materials, refractory boroalicate tubing used for 
organic nitrogen determinations was found to be suitable. Following many 



failures a satisfactory technique was devised; it was necessary to attend closely 
to a number of apparently trivial points in order to obtain success. Subse¬ 
quently thick-walled “Carius” tubing for halide estimation was found to be 
even better, provided it was new; an attempt to use old tubes which had been 
stored for about twenty years proved to be a very costly economy. Later, the 
cracking within the wall which occurred in these old tubes was found to be due 
partly, but not wholly, to a very tenacious layer of adsorbed moisture. All 
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manipulations were carried out by orthodox glass-blowing methods, but in the 
oxygen-coal gas blowpipe. 

(1) The Carius tube was sealed, rounded, blackened, and cooled. Insertion 
of the silver directly into the hot tube, even after preheating, invariably caused 
fracture. This is prol)ably due to the difficulty of ecpializing the temperatures 
of metal and glass, combined with the high thermal conductivity of silver. 

(^) A silver cube, about 0.5 g. in excess of that required for saturation at the 
particular temperature, was amalgamated and the mercury removed by heating 




Fig. 4. Filled hull) (uiiannoaled) showing transverse* cracks 

it on asbestos gauze to about 900°C\ in a M6ker burner with a lu‘rce flame, 
cooled in a desiccator, and weighed (mi). After this tieatment the metal showed 
a brilliant surface like white blotting paper. 

(d) The cube was introduced and the tube constricted by surface tension alone 
to give a vessel of 2.5-3.5 ml. It was found essential to maintain wall thickness 
ecpial to the original, neither thicker nor thinner (see figure 3). 

(4) After cooling just to rigidity, the wall of the bulb was healed almost to its 
meltijig point in the same flame at higher temperature, blackened, and slowly 
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cooled. This process was introduced to prevent the sharp cracks which other¬ 
wise formed sharply across the bulb, whether filled or empty, in 2 to 3 
days (see figure 4). The difference induced can be clearly seen in radiographs 
of treated and untreated bulbs taken between Polaroid plates in crossed-Nicols 
position (figures 5 and 0). Before insertion of the bulb the ground is completely 
dark and the whitening is a measure of the internal stress in the wall. 

(S) The vessel was filled to about four-fifths its height by the thermometer 
method, i.e., by pouring mercury into the cone above the constriction and 
coaxing it beyond by alternately heating and cooling the bulb, using the palm 
of the hand. To allow for thermal expansion a small cushion of air had to be 
left. Tt was not necessary to know the mass of mercury at this stage. 



Fig. 5. Before tempering Fig. 6 . After tempering 

Radiographs showing removal of strain on tempering 


(6) Scaling was carried out in a small and very hot flame. By careful and 
rapid working it could be completed without danger of cracking and with only 
a few degrees rise in temperature, so that the filled bulb could be held in the 
hand meanwhile. It was in this operation that the suitability of the glass 
became apparent. Owing to the great risk of cracking, neither blackening nor 
annealing could be attempted, so the filled vessel was transferred to the vapour 
bath and heating begun forthwith. 

(7) After the desired time of contact (2 hr. at the boiling point of sulphur; 
about six weeks at room temperature) the bulb was allowed to cool in situ. 
It was then wrapped in a clean cloth and cracked by squeezing gently in a vice. 
After determinations at higher temperatures the amalgam was rigid enough to 
retain the shape of the bulb, but where the amount of dissolved silver w'as less. 
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s(nne free mercury escaped and was caught by the cloth. The total mass of the 
contents was then determined (nh). 

(7) The small core was separated from the mush and bounced several times 
in a tray to remove the final globule of mercury adhering; it then showed a 
bright liquid surface and was greasy to the touch. In a supplementary experi¬ 
ment it was found that as little as 3.6 mg. per cm.^ was sufficient for amalgama¬ 
tion; this corresponds to a thickness of less than 3 X 10“* cm,, and although re¬ 
moval of the adherent mercury is unlikely to be as efficient as this, it is obvious 
. that the quantity remaining is small. The silver core was brought back to its 
original state by vaporization of the adherent mercury as in (j^) and then weighed 
(ms). The solubility in grams of silver per 100 g. of mercury is then given by 
100(mi — mz)/(m 2 — Wi). 


Constant-temperature bath 

Constant temperatures were obtained by use of pure liquids boiling under 
reflux in a simple vapour bath arranged so that the tube containing the experi¬ 
mental vessel was, so far as possible, surrounded by vapour. A wide (bacterio¬ 
logical) hard-glass tube was inserted almost to its mouth into a cork also carry¬ 
ing an air or water condenser and fitted into a tall 400-ml. beaker heated on a 
wire gauze. This simple apparatus gave very consistent temperatures, repro¬ 
ducible to i°C. or better, after sufficient time had been allowed to attain con¬ 
stancy. The variations of the barometer were found to have only a small effect 
on the various boiling points, contrary to expectation, except in the case of 
steam and aniline. 

^‘Commercially pure’' substances were found to be quite suitable without 
subsequent laboratory purification. The temperature was measured on short- 
range Anchiitz pattern thermometers, Reichsanstalt calibrated, which proved 
excellent in every way. The boiling points quoted are those actually observed, 
not always identical with those in reference books. Eugenol was at first tried 
as a vapour bath but w^as replaced by amyl benzoate, owing to its blunt boiling 
point. All other substances were satisfactory and remained constant during 
use. 


Materials 

Fine silver of nominal purity 99.95 per cent (an assay of 99.96 per cent has 
subsequently been reported) and A. R. grade mercury with the follow ing limits 
of impurity, were used: non-volatile matter, 0.002 per cent; acid-insoluble matter, 
nil; other metals, no reaction. The chief impurity in the silver is said to be 
oxygen. 

Both the silver and the mercury are standard commercial products despite 
their high purity. Kathode silver of even greater purity is available as a mer¬ 
cantile article, but its great fineness cannot survive melting and rolling processes. 

m 

V. RESULTS 

The solubility values are tabulated in table 2, and plotted in figure 2. De¬ 
viation from theoretical uniformity is difficult to appreciate on this curve, es- 
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pedally «t 13ie low solubilities bdow 100°C. Physical intuitioiii, howev^, sug¬ 
gests tW above, say, 400'’C. <nie might expect the curve to nm more the line 
ct ibat shown dotted in the diagram. 

For a sdlution obeying Raoult’s law the following expression can be derived 
thermodynamically (Hildebrand (13)): 

where N is the mole fraction of the solute, H/ its latent heat of fusion at T«, 
its melting point at standard pressure, and Cl and Cs its molar specific heats 
at constant pressure in the liqtud and solid states, respectively. If Ct = Ca, 
as is-true to a first approximation, the thermal energy involved in furion is 
independent of temperature, i.e., the heat of fusion is equal to that of solution, 
provided that no exothermic or endothermic compound is formed and that 


TABLE 2 

Valtut of aolubUity (grams of silver per 100 g, mercury), mole fractions, and reciprocals of 

the absolute temperatures 


SUBSTANCE 

wm 

T*K. 

IIBQIIIII 

B 

N 

logioV 

logJV 

Room tempera* 
ture. 

16.2 

289.2 

0.003458 

0.030 

0.000558 

i. 74663 

-3.25337 


Water. 

99.6 

372.6 

0.002684 

0.222 

0.004121 

3.6150 

-2.3850 


Aniline. 

184.4 

457.4 

0.002187 

0.768 

0.014192 

2.1520 

-1.8480 

-4.255 

Amylbenzoate.... 

260. 

533. 

0.001876 

1.885 

0.03450 

2.5378 

-1.4622 

-3.367 

Diphenylamine... 

306t 

579. 

0.001727 

2.823 

0.05251 

2.7098 

-1.2902 

-2.971 

Anthracene. 

338. 

611. 

0.001637 

3.816 

0.06872 

2.7610 

-1.2390 

-2.853 

Mercury. 

356.7 

629.7 

0.001588 

5.22 

0.09294 

2.9682 

-1.0318 

-2.376 

Benzidine. 

405. 

678. 

0.001475 

10.59 

0.18053 

1.2666 

-0.7434 

-1.712 

Sulphur. 

444.5 

717.5 

0.001394 

17.35 

0.28081 

T.4484 

—0.5516 



heat involved in solvation, if such should occur, is zero. The second and third 
terms then vanish, leaving the well-known text-book expressions in which log 
JV is a linear function of 

According to these relations the plot of log iV is a straight line of slope Hf/R 
or jy//2.026i?, according to which logarithmic base is used, intersecting the 
horizontal axis at at which N — \ and log = 0. With the more exact 
relation that takes into account the difference between the heats of liquefaction 
and fusion, the theoretical solubility is greater; the two plots for solubilities 
calculated under these two assumptions are shown in figure 7. Owing to the 
linear relation between the specific heat of solid silver and temperature (19), the 
divergence increases with falling tempterature. These curves are independent 
of the second metcd^ provided the sohUion obeys RaoulCs law. 
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Where Ihe solvent is appreciably soluble in the solid solute, the left-hand term 
must be modified to allow for this. The equation then becomes 


log. (.N,,/Na) 


log, Nt — log. Ns 



RGCIPAOCALOFAttOUrrC TEMFCRATURE 



Fig, 7. Plot of log and log (Ni/Na) against 7*“^, showing correction for solid solu¬ 
bility. 


where suffixes denote liquid and solid states, respectively. In the present pair 
the mercury atom can replace silver in its close-packed cubic lattice to a maxi¬ 
mum of a little over 50 per cent by weight at 276°C., as shown by the data in 
table 3. 

For temperatures higher than thoseVovered by this work, estimates of solu- 
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bilily may be made frcnn data published for the liquidus of l^e binary cystaa, 
although one cannot expect t^ accuracy a direct determination. Smith 
(43) has pointed out how far errors of thermocouple calibration, measuronent, 
temperature fluctuation within the furnace, etc. may vitiate the true result. 
Hume-Rothery and cbworkers (17) estimate the possible error as high as 5° 
for each 100° depression from the freezing point, stating somewhat pessimisti¬ 
cally “... in the most careful work yet avmlable, observations may differ by 
10°C. frcHn the smoothed curve.” More recently (1), however, this school, in 


TABLE 3 

Sdid »(dtibiUty of mercury in tUeer 


TXimiATinUE 

MXICOXY 

OMISVXl 

MXXSOD 

•c. 

w$igkt pw uni 



655 

30 

Murphy (30) 

Microscopical 

485 

37,5 

Murphy (30) 

Microscopical 

345 

42.5 

Murphy (30) 

Microscopical 

276 

52.4 

Day and Mathewaon (6) 

X-ray photography 

100 

51.6 

Day and Mathewson (6) 

X-ray photography 

R.T. 

46.2 

Preston (35) 

' X-ray photography 


TABLE 4 

Mole fraetione and redprocaU of dbeolute temperature ealcutatedfrom liguidue determinatione 


Ag 

•c. 

r*K. 

T 

N 

logio^ 

logeJV 

per cent 

5.00 

378 

651 

0.001536 

0.08916 

2.9602 

-1.0498 

-2.4174 

10,03 

407 

680 

0.001471 

0.1718 

1.2250 

-0.7750 

-1.7846 

20.08 

465 

* 738 

0.001355 

0.3185 

1.5031 

-0.4969 

-1.1441 

28.86 

541 

814 

0.001228 

0.4300 

T.6335 

-0.3665 

-0.8438 

37.72 

630 

903 

0.001107 

0.5298 

1.7241 

-0.2759 

-0.6353 

49.96 

721 

994 

0.001006 

0.6500 

1.8120 

-0.1871 

-0.4308 

60.23 

786 

1059 

0.000944 

0.7380 

T.8681 

-0.1319 

-0.3038 

69.60 

843 

1116 

0.000896 

0.8098 

T.9084 , 

-0.0916 

-0.2110 

80.08 

886 

1159 

0.000863 

0.8802 

T.9445 

-0.0555 

-0.1278 

88.97 

928 

1201 

0.000833 

0.9375 

1.9720 

-0.0280 

-0,0645 

100. 

961 

1234 

0.000810 

1.0000 

0.0 


0.0 


treatment of pioneer work by Heycock and Neville (12), seems to have abrogated 
this tenet. 


VI. DISCUSSION 

The results obtained agree well with those of Sunier and Hess (44) and of 
de Right (7). The author’s result is rather lower at room temperature than a 
corresponding one by Maurer (26), although a prolongation of the line passes 
exactly through the latter’s point at 5.72°C. The earlier results of Joyner (20) 
are much more erratic, although some* lie exactly on the curve. Reed’s (37) 
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three values around 200®C., for which great care was used in analysis, are in 
good agreement with the author’s curve. Values recalculated from metallo- 
graphic work by Murphy (30) dovetail very well into the present results. So 
far as comparison is possible (the two series of values overlap only between the 

RECIPROCAL OF ABSOLUTE TEMPERATURE 
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Fig. 8. Plot of logarithmic solubility of silver in mercury, including previously reported 
values, for comparison with those deduced from various theoretical equations. 

temperatures of 445® and 357°C.—a comparatively short range), they >how 
excellent agreement. 

Empirical formniae 

The author’s results, together with those of Murphy (30), comprising in all 
a series from room temperature to the melting point of silver at 961®C., can be 
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represented very successfully by three straight lines, intersecting at or very 
near and 450°C. The equations for these are 

logic N - 0.67035 - 1134.7T“*... up to 330®C. 

logic N = 2.9066 - 2481 .ST"*... .330® to 460®C. 

logic N = 0.7441 — 918.2r~‘_450“ to the melting point of silver 
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Fig. 9. Comparison of the solubility of silver in metals of low melting point, recalculated 
from liquidus determination, without correction for solid solubility. 

It appeared an attractive possibility to correlate these breaks, at the time be¬ 
lieved to be definite, with the peritectic dissociation points of and y at 276° 
and 127°C., respectively. A careful check showed, however, that this would 
not hold and there is no ground for questioning the accuracy of the peritectics. 
It is now believed that the results can more properly be represented by a re- 
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versed-/S curve, this being fairly typical for pairs which show wide deviation 
from ideal solubility. In the short range of temperature available for the in¬ 
vestigation of the organic systems which have hitherto been studied, non-de¬ 
velopment of such curves is quite understandable; nevertheless, Mortimer 
(28) has reported one pair in which the reversed-S shape is attained,—^namely, 
acetanilide-toluene. Figure 9, on the same scale as figures 7 and 8, shows clearly 
the shape of this curve and the shortness of the temperature range. 

In the metallographic investigation, no thermal points were observed in the 
alloys at or near the temperatures of 330® and 450®C., although the peritectic 
melting points were reproducible accurately over a range of composition of the 
silver-mercury alloys. 

It is noteworthy that a similar reversed-S curve holds for the solubility of silver in 
molten tin (figure S). 

Effect of the intermetallic compounds 

Obviously the peritectic reactions at 276® and 127®C. possess quite definite 
heats of reaction; otherwise the thermal points would not be so well marked 
and reproducible. One would therefore expect a definite, though perhaps small, 
change in the slope of the logarithmic curve at these temperatures. To test 
this possibility a curve was re-plotted including the solubilities reported by all 
observers (figure 8). This also shows no departure from a straight line other 
than a slight but consistent concavity. From considerations of statistical 
mechanics Guggenheim (11) has suggested that in dilute solution solvation does 
not necessarily ^‘affect thermodynamic behaviour.Surely compound forma¬ 
tion must be regarded as solvation par excellence, 

Mortimer*8 rule 

From figure 8 it is evident that the rule propounded by Mortimer (28), that 
to a first approximation the logarithmic plot of the mole fraction is a linear 
function of the reciprocal of the absolute temperature, is valid for this system. 
The approximation does not, however, represent the experimental results as 
accurately as one might wish. 

Effect of solid solubility of '^solute** in ^'solvent** 

The plot of log (Nl/Ns), virtually the original curve corrected for the solid 
solubility of silver atoms in the silver lattice, is given in figure 7; it does not 
differ in essentials from the former, with which it runs almost parallel; at higher 
temperatures, however, its course is substantially identical with the theoretical 
Raoult’s law curve, from which the simple plot diverges. 

RaouWs law 

Ramsay (36) reported that an amalgam containing 3.22 atoms of silver per 
100 atoms of mercury yielded an atomic weight of 112.4 for silver against the 
actual value of 107.9. Beckmann and Liesche (2) found that the boiling-point 
elevation agreed with the assumption that silver was monatomic in its amalgam. 
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On the otiber hand, Easlanan and Hildebrand (8) found a rather large positive 
deviation in a 1.27 per cent solution at 318°C. 

At 16.2'’C. the actual solubility of 0.03 per cent is minute, and the value of 
N at 0.00056 is about one-fortieth of that calculated by the approximate equa¬ 
tion or one-hundredth of that given by the more exact equation in which H/ 
is corrected for temperature (hange. Possible causes of this discrepancyr are: 
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Fio. 10. Logarithmic plot of the solubility of iodine in inorganic and organic solvents, 
showing degradation from the ideal as the difference in the internal pressure {energy 
density) of solvent and solute increases (plotted from Hildebrand’s published data). 

(1) If the actual value of the latent heat of fusion were twice that used in the 
calculations, values of N much nearer those determined experimentally would 
result. In fact, the latent heats of fusion by different workers agree much 
bftter than might be expected in view of the experimental difficulties of deter¬ 
mining it. Le Verrier (21) has indeed reported an anomaly in the specific heat 
of silver, which, he suggested, rises suddenly from 0.665 to 0.075 at about 260“C. 
Such a discontinuity would affect the iwoond and third correcting terms in the 
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more exact equatioa for solubility. His results have not been confirmed, 
however. 

(S) Ihe upper and lower portions of the logarithmic curve have roughly the 
same slope, while that of the middle part is distinctly greater. The existence 
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Fio. 11. Logarithmic solubility plot for acetanilide in toluene, from data published by 
Mortimer. So far as the present author is aware, this is the only set of data hitherto pub* 
lished which exhibits the reversed-jS curve. Note the small temperature interval in com¬ 
parison with the metallic systems. 

of a crystal lattice stable only between 330® and 450®C. would account closely 
for such behavior. A similar phenomenon—^the gamma loop—^is well known in 
iron, but the evidence that it occurs in silver is very slight. Petersen (33) in 
1891 from a difference in heats of oxidation deduced a beat of transformation of 
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13.7 kilojoules per mole for rilver (octahedral) to silv^ (cubic). Bice (39) in 
1940 has also stated that possibly silver may exist in an allotropic form, but 
without quoting an authority. Mellor (27) h^ surveyed lucidly the voluminous 
if unconvincing chemical evidence of allotropy. 

(S) The solid solubility of substituent mercury atoms in the silver lattice is 
high, over half by weight, and an order-disorder transformation might take 
place within the solid solution. It seems unlikely that such a change could 
affect the liquid solubility, especially in view of the metastability so readily set 
up in this system. Certainly no thermal point has been observed, but in general 
the energy change in the internal rearrangement is small, so that a blunt and 
attenuated point might easily be missed. 

None of the above suggestions appears very plausible and one is forced to the 
conclusion that the equations are derived from incomplete premises. Now the 
theoretical reasoning is purely thermodynamical and takes no account of any 
difference between the atoms concerned, assuming them to be identical apart 
from label. The obvious possible differences are polarity, consiitulion, and 
volume. 

Polarity: There is little difference between the two ions, standard electrode 
potentials being 0.799 volt for HgzHg^' and 0.798 volt for Ag: Ag’ (Butler (3)). 

Constitution: The constitution of the silver and mercury atoms is, respec¬ 
tively: 


Shells 

K 


M 

N 

0 

P 

TKRU 

BYlfBOL 

Sub-shells 

is 

25 2p 

3s 3p 3d 
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2 

2 6 
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2 6 10 

1 


*Si/2 

Hg 80 

2 

2 6 

2 6 10 

2 6 10 14 

2 6 10 

2 



It must be admitted that these are not wholly dissimilar, the main difference 
being the inclusion of an extra thirty-two electrons in the latter. Now the 
silver atom is very similar to its successor in the periodic classification, gold 
(No. 79), which immediately precedes mercury. In lattice parameter, melting 
points, and thermal and electrical properties, silver and gold show the close 
similarity which one would expect from their atomic orbitals. The great differ¬ 
ence which does exist in internal bonding between the atoms of mercury on the 
one hand, and silver and gold on the other, is shown by (a) the interval between 
the melting points, 1000®C. for silver-mercury, and 1102°C. for gold-mercury; 
(&) the heats of vaporization, 249 and 368 kilojoules per mole for silver and 
gold, respectively, against 59.3 for mercury; (c) the ratio of electrical conduc¬ 
tivities in the solid and liquid states, 1.9 for silver, 2.3 for gold, 3.2 and 4.9 
for the anisotropic mercury (Griineisen and Sckell (10)). 

Volume: Silver is a much closer packed metal than mercury, the respective 
atomic volumes being 10.27 and 14.14 for the solid state, although the inter¬ 
atomic distances are not so different at 2.883 A. and 2.999 A., owing to the un¬ 
usual (simple rhombohedral) stntcture of mercury (Mott and Jones (29)). 
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vn. THBOBT roa DissnaLAa atoms 

The much more complicated question of dissimilar atoms has been studied 
by Van Laar (46), Scatchard (42), and Hildebrand and coworkers (14,15), who 
have deduced analogous but not identical expressions; these, however, have been 
severely criticized by Guggenheim in 1936 (11) on the groimd that they conflict 
with conclusions obtained by statistical mechanics. Using probability functions 
and assuming (!) negligible repulsion, (g) spherical symmetry, (3) attraction 
forces between unlike molecules to be the geometric mean of those between like 
molecules, Hildebrand (13) has derived the expression 


RT log, V, ^ ^ J [Pi'* 




in which V is the atomic volume, ai is the ‘‘ideaP’ solubility of Ni, i.e., the ‘‘ac¬ 
tivity’* of component 1 as if it obeyed Raoult’s law, and P is the “internal pres¬ 
sure” or “energy density.” Butler and Harrower (4), using Langmuir’s prin¬ 
ciple of independent surface action, have deduced a similar expression involving 
“cohesive energy.” This equation satisfies the condition of symmetry empha¬ 
sized by Porter (34). Where the molar volumes are equal it reduces to 

RT log, = U. V^[Pi'* - Pl'f 
i.e., 

logio(^J = = K{\ - N^)\TV 

which can in any case be used as an approximation. The curve obtained in 
this way, using a value of K = 465, derived from the experimental data at the 
steam point, agrees very well with the experimental results in the range 0~340®C. 
but deviates above the boiling point of mercury. It is very encouraging to 
note that this approximate equation, despite the deviation, does in fact show 
the same remarkable reversed-S shape as the experimentally determined curve, 
and that roughly in a parallel position. 


Calculation of internal pressures 

The (quantity within the square bracket is the difference between the square 
roots of the “internal pressures” (Hildebrand) or “energy densities” (Scatchard) 
of the components. Calculation of this is doubtful, usually introducing small 
physical coefficients of none too high accuracy. It is not surprising therefore, 
that the values yielded by different methods show a marked variation; not¬ 
withstanding this, the order of magnitude is remarkably consistent. One may 
reasonably expect therefore that a difference term, in which the method is to 
some extent eliminated, would show greater concordance. 

The following measurements can be used, results being expressed in calories 
per milliliter. 
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(i) Surface tension: The function 7 /F^^*, or more strictly the free surface 

energy gives comparative values; by comparison with other 

methods it may be deduced that a factor of about 16 is necessary to convert 
^ these to calories per milliliter. 

For silver, 7 = 800 (average, the values show wide variation) and V « 11.47, 
since A =* 9.4. Then 7 /T^^^* = 400 and P « 6000 with a factor of 15. For 
mercury 7 = 473 (data again conflicting, there being an apparent flat peak 
about 20®C.) and V = 14.79, since A = 13.66. Then y/V =» 192 and P » 
2880 with a factor of 15. 


K - is then 23.8 


(^) Heat of vapourization: P = 



For silver Hv = 61,800 and V = 11.47, so that P = 5173 calories per milli¬ 
liter. For mercury Hv = 14,670 and V = 14.79, so that P = 958 calories per 
milliliter. 


[P)ll - PhI] is then 40.9 

(d) From coefficients of expansion and compressibility: 

P = T (dTVdr)/(dTVdP) == T(a/fi)y where a is the coefficient of expansion 
andjS that of compressibility. For silver a == 57 X 10”® and jS = LOl X 10”*, 
so that P = 56.4 X T = 17,340. For mercury a = 90 X 10“* and jS ~ 3.67 
X 10”®, so that P = 24.5 X T = 7180. 

[Pa^ - Png] is then 47.3 

but this must be taken as qualitative only, since the data refer to the solid state. 
For liquid mercury corresponding values are much more accurately known: 
a = 182 X 10~® and 0 = 4.08 X 10“®, so that P = 44.6 X T, Moreover an 
independent value of 13,200 megabars has been quoted for mercury. 

(4) From the coefficient of expansion: 



For silver a = 110 X 10~® in the range 960~1200°C., so that P == 2200 calories 
per milliliter near its melting point. For mercury a = 182 X 10~* in the range 
0-60°C., so that P = 825 calories per milliliter at room temperature. 

[P)ll - P"M is then 18.2 

{5) From van der Wadis value of a: This cannot be applied for the present 
pair, owing to lack of data for silver. 

(6) Calculation from van der Wadis ^^reduced'^ equation: By consideration of 
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compressibility data Richards (40) has deduced the internal pressures for silver 
to be 4960 and for mercury 980 calories per milliliter* 

[PiJ — P^J] is then 39.1 

The value of this quantity obviously shows great variation and it is clearly 
not yet possible to eliminate the effect of the method. 

If the same quantity is calculated from the value of solubility at 16.2°C. 
the figure of 14 is obtained, and that at the steam ]|oint is not much different. 
The conclusion would seem to be that in the present system the attraction between 
unlike molecules is greater than the geometric mean of those between pairs of like 
molecules^ considered separately. It is noteworthy that the deviation from 
ideal behaviour is only one half to one third what would be expected from con¬ 
sideration of the differences in the internal pressures of the constituent elements. 
This is in sh^rp contrast to the behaviour shown by a large majority of the pairs of 
organic molecules hitherto studied. It is however quite consistent with the forma¬ 
tion of the definite chemical species Ag 8 Hg 4 and AgiHgg (London (23, 24)). In 
such intermetallic compounds the metallic cohesive forces are presumably 
intermediate in character between van der Waals forces on the one hand, and 
Coulomb forces existing in a lattice composed of oppositely charged ions as in 
an alkali halide. “It is impossible to escape the conclusion that the outer 
electron structures of the metallic atoms exert highly specific effects upon the 
intermolecular forces’^ (Hildebrand Qoc. dt.)). 

VIII. EFFECT OF THE INTERMETALLIC COMPOUNDS ON SOLUBILITY 

The theoretical deviations from RaoulCs law solubility of Hildebrand (13) 
and of Butler and Harrower (4) quoted in Section YU presume separation of a 
pure solute. Where solid solution of the solvent occurs, and this is frequent in 
metallic systems, a relatively simple correction must be applied, log Nl being 
replaced by log (Ni/Ns). In the system now investigated, in which two 
peritectic intermetallic siiecies are formed, it is not easy to decide vrhat value 
of Ns should be used below' the peritectic point. The compounds are relatively 
definite in composition, the range of stability probably not exceeding ±0.5 
per cent. If Ns be taken as the value in the compound, the correction for solid 
solubility would entail a sharp change in direction of the corrected theoretical 
curve at 276^ and 127°C.; but the observed values show no trace of such kinks. 

After very careful deliberation it seems probable that the evidence is in favor 
of Ns for the solid solution of mercury in solid silver. This decision is greatly 
strengthened by the results of de Right (7) in the interval 9-81 °C. He gave 
special attention to attainment of equilibrium and obtained identical results 
by starting from foil, filings, and the inteimetallic compound. It seems clear 
that the liquid mercury-silver solution can be regarded as in virtual (metasta¬ 
ble) equilibrium with the solid silver-mercury solution. This is in accord with 
the well-known reluctance of the compounds to crystallize from the melt; 
metastability is very marked and previous foimation of Ag 6 Hg 4 (or AgHg) is 
necessary for formation of AgsHgs (Ag 8 Hg 4 ) by the peritectic reaction. 
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Applying tius correction, one obtains a vidue for K at the steam p<^ of 
388, the corresponding figure for — Pt ^l being 12.8. To avoid o<mgestion, 
the curve plotted for this has not been included in figure 8. Its agreonent 
with observed values of 1<^ (Nt,/Na) is somewhat better Hum the corresponding 
agreement of log Nl points with the plotted curve (K = 465), but it i^ows no 
distinctive new feature. 

Heat of formation of Arbor Dianae 

Clearly, the heat of forfhation of an intermetallic compound will have the 
effect of a virtual increase in the latent heat of solution of the alver. Con¬ 
flicting values have been reported. Littleton (22) found a heat of formation 
of 3432 calories for a supposed “compound” AgHg 4 . Using the physicochemical 
'‘onstants of the displacement reaction at three different temperatures, Ogg (32) 
found 7336 calories per mole of Ag«Hg 4 , compared with his earlier value of 
2937 in 1897 (31). These quantities are equivalent to 2445, 991, and 3424 
calories per gram-atom of silver, compared with the well-establiHied figure 
of 2800 for Hf. It is difficult to assess what weight should be given to data 
which show such wide variation. 


IX. SUMMARY 

The validity of direct determination of the solubility of silver in mercury is 
established from theoretical and practical considerations, and error due to 
using a sealed vessel is shown to be n^igible. Values of solubility from room 
temperature up to 450°C., i.e., well above the boiling point of mercury at normal 
pressure, are reported. From liquidus data it is shown that solubility right up 
to the melting point of silver can be represented very closely by three straight 
lines: 

logioAT == 0.67035 - 1134.7T-‘ .. up to 330°C. 
logio N = 2.9065 - 2481.8r-*... .330“ to 450“C. 

logic N — 0.7441 — 918.27’“*... .450“C. to the melting point of silver 

Their intersections, however, have no relation to the peritectic formation tem¬ 
peratures of AgeHg 4 at 276°C. and AgsHgg at 127°C., and these points do not 
appear at all on the logarithmic curve. 

At low temperatures the solubility is about one-fortieth of that calculated 
from the elementary equation established by Schrdder in 1893: 

or about one-hundredth if H/ is corrected for temperature variation. Possible 
explanations for this are unconvincing. 

The approximate expression derived from consideration of unlike atoms 

RT logio (ai/Ni) = KNl 

(a being the Schroder solubility) fits the experimental curve very well up to 

340°C. if liC = 466, as calculated from solubility at the steam point; and even 
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after its departure gives an analogous reversed-<S curve. A roughly parallel 
curve holds for the solubility of silver in liquid tin. 

In the more exact expression 

log.. (^_) - n [«» - rtT 

the observed solubilities lead to a figure of 14 for [PV^ — P^^] compared with 
approximate values of 23.8, 40.9, 47.3,18.2, 39.1, derived from diverse physical 
properties. The deviation from theoretical solubility is thus only a half or a 
third of what might be expected from consideration of the internal pressures of 
the two metals. It is concluded that the mutual attraction within a pair of 
unlike atoms is greater than the geometric mean of corresponding attractions 
within pairs of like atoms, in sharp contrast to the behaviour of most organic 
molecules and to previous conjectures, on theoretical grounds. 

A convenient method is described for determining strain in glass vessels after 
blowpipe manipulation, by use of polarized light. 
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COMMUNICATION TO THE EDITOR 

In a recently published communication (David M. Cans: J. Phys. Chem. 
49 , 165-6 (1945)) it is contended that a zero contact angle is a rare and for¬ 
tuitous event. The writer there states, ‘Tn the borderline case where Tab pre¬ 
cisely equals the difference between 7as and 7bs, Tab will ally itself fully with 
either tas or tbs, whichever is the smaller, and a contact angle of 0° in A or in B 
will exist. It must be expected that only fortuitously will the energy relations 
at three independent interfaces balance so nicely as to result in a contact angle 
of 0®. In many instances either tab or tbs exceeds the sum of its two associates, 
and the one liquid spreads over the solid to the exclusion of the other.'’ In this 
instance ‘‘the spread layer does not form a contact angle of 0° with the solid— 
in fact, it forms no contact angle at all, since no equilibrium line of contact can 
under these conditions be maintained .... This holds for two liquids against 
air as well as for two fluids against a solid.... Water on clean glass shows no 
contact angle. ‘No contact angle' and ‘zero contact angle' are not synony¬ 
mous." 

Unfortunately, Gans has confined his deductions exclusively to the situation 
where the continuous surface (such as a solid surface) is horizontal. In prac¬ 
tical applications the surfaces to be wet are rarely strictly horizontal. If the 
•continuous surface be inclined, or vertical, it is obvious that an equilibrium line 
of contact can be maintained even though tas or tbs exceeds the sum of its tw o 
a^ociates. It should suffice to mention, as well-known examples, the phe¬ 
nomenon of w^ater or benzene rising to a definite height in a capillary tube, or 



NEW BOOKS 


507 


between plane parallel plates. We have it on good authority that the contact 
angle between liquids and clean glass is generally zero (N. K. Adam: The Physics 
and Chemistry of Surfaces^ 3rd edition, pp. 10, 186, The Clarendon Press, Oxford 
(1941)). Whether or not ‘‘no contact angle” and “zero contact angle” are 
synonymous would seem to be largely a matter of intent, possibly solvable by 
methods outside the realm of the physical sciences. 

United States Department of Agriculture H. L. Cupples. 

Agricultural Research Administration 

Bureau of Entomology and Plant Quarantine 

Beltsville, Maryland 

June 13, 1945. 


NEW IBOOKS 

Plastics, By H. Ronald Fleck. 305 pp.; 76 illustrations. New York: Chemical Pub¬ 
lishing Co., Inc., 1945. Price: $6.50. 

It is surprising how thoroughly and completely the author has covered the scientific and 
technological phases of the extensive field of plastics. A short history of plastics, the raw 
materials, theoretical principles of polymerization, chemistry of plastics matoriah, the 
manufacture of plastic materials and synthetic elastomers are presented concisely but 
clearly. This is followed by two chapters on the physical properties of thermoplastic and 
thermosetting materials. Three following chapters arc on synthetic resins, synthetic 
fibres and textiles, and adhesives, plywood, and impregnated wood. Included in this book 
are chapters on the manufacture of dies and moulds, and the manufacture of plastic articles, 
the chemical, physical, and electrical testing and the chemical analysis of raw materials. 

The many illustrations, numerous tables, and references makes this a very useful book 
for chemists, manufacturers, and students. The arrangement of the material is sometimes 
confusing, but this has permitted grouping the abundant information available on plastics 
into a compact space. The type is rather small but this was probably controlled by Federal 
regulation to allow so much information to be included in about three hundred pages. 

This is an excellent book, which is writt ui in clear and interesting style. It covers 
the subject completely, and such details as have been omitted can be found in the many 
references. 

(hiABLES A. Mann. 

The Chemical Process Industries. By R. NoRBis Shbbve. 930 pp. New York: The 
McGraw-Hill Book Company, Inc., 1945. 

This is the first book that appears under the title ••Chemical Process Industries.” It is 
more than the ordinary industrial chemistry book, in that the approach to the subject is 
from the standpoint of the unit operations, unit processes, physical chemistry, economics 
and energy and power and their impact on the industries considered. 

The many flow sheets, statistical tables, and excellent chapter references make this a 
very useful book; Both the inorganic and the organic industries are presented and in 
addition about forty-five pages of introductory material on classification of unit operations 
and processes, materials of construction, process instrumentation, chemical control, 
containers, safety and fire protection, patents, research, waste disposal, and other topics. 
The book makes a rather good general reference volume, but it is too inclusive for a student 
text unless a limited number of chapters are selected for this purpose. A close tie-up 
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between the unit operatione and the technology would improve certain chapters. The 
make-up of the book is excellent. It is well arranged; the printing is dear and on good 
paper. The how sheets are too small and somewhat difficult to follow through. 

The author must be complimented upon a big job well done. The Chemical Process 
Industries is a fine contribution, which will be valuable to practicing chemists, chemical 
engineers, and students. 

Charles A. Mann. 

Fundamental Principles of Physical Chemistry, By Carl F. Prutton and Samuel H. 

Maron. 779 pp. New York: The Macmillan Company, 1944. Price: $4.50. 

There are at least three types of students of physical chemistry. A few who are par¬ 
ticularly interested and specially qualified study the subject intensively for its own sake. 
Many college students take it as a *'required course,’’ in the rather vague hope that they 
will tjiereby acquire (as painlessly as possible) a general impression of the subject which 
may later serve as a partial background for some more “practical” specialty, such as medi¬ 
cine. Probably the largest group of students who attempt to master the elements of 
physical chemistry intend to use it as a tool in some other field of chemistry or in chemical 
engineering. Prutton and Maron*s text is apparently written with the needs and interests 
of this third group of students in mind. 

The authors use the thermodynamic rather than the statistical or kinetic approach to 
the subject. The fundamental laws are presented concisely and in an orderly way, and 
some attempt is made to show their applications and their relation to the experimental 
aspects of the subject. The average student will be delighted to discover that in this book 
derivations are either given in complete algebraic detail or not at all. The last three 
chapters, which are devoted to atomic and molecular structure and to the relation between 
physical properties and molecular structure, are presented in,the purely descriptive or 
survey-course manner. 

Students who are seriously interested in the fundamental aspects of the subject may find 
certain characteristics of the book rather annoying. In a number of places the authors 
sacrifice rigor for the sake of simplicity. The problems are mostly of the simple substitu¬ 
tion-in-formula type, and at least in a few instances the algebraic detail is complete to the 
point of being painful. On the other hand, the students who desire a survey course and 
who have been brought up on chatty texts filled with predigested descriptive material and 
profusely illustrated with cartoons and photographs, will find the thermodynamic approach, 
the rather prosaic style, and the simple line drawings of this book distinctly discouraging. 

On the whole, the authors have presented a highly satisfactory if not exactly inspired 
text. It is well adapted to the needs of the average student of chemical engineering. 

Robert Livingston. 

Synthetic RM)er from Alcohol. A Survey based on the Russian Literature, By Anselm 

Talalay and Michel Magat. 6x9 in,; 312 pp.; 64 illustrations. New York: Inter¬ 
science Publishers, Inc. ,^1945. Price: $5.00. 

This book is divided into four major parts. The first part is devoted to the Lebedev 
process of converting alcohol to butadiene. A comprehensive discussion is given of the 
probable reaction mechanisms and the various chemical and physical factors influencing 
the Lebedev catalysis. The second part gives, in considerable detail, a discussion of the 
technology of the production of synthetic rubber according to the Lebedev process (sodium 
polymerization), on the laboratory, pilot-plant, and full plant scales. It will be noted 
that the majority of the literature references in this section are to 1937 or earlier years. 
This is due, of course, to the fact that publication«of recent synthetic rubber research and 
production has been subject to secrecy restrictions for military reasons. Many of the 
problems discussed in this section of the book arose from the relatively low purity of the 
butadiene which was commercially available seven or eight years ago, and therefore these 
problems have disappeared now that high-purity butadiene is being produced as a routine 



NEW BOOKS 


509 


matter on an enormous scale. Nevertheless, in spite of the impossibility of obtaining exact 
knowledge of current Russian synthetic rubber practice, this section probably enables one 
to form a reasonable estimate of the present situation. The third part is devoted to poly¬ 
merization in general, including theoretical and experimental discussions of thermopoly¬ 
merization, emulsion polymerization, as practiced in the United States, England, and 
Germany, and sodium polycondensation, as used in the U.S.S.R. The fourth part deals 
with the physicochemical properties of the polymer, including polymer structure and 
methods for its investigation, chemical properties, and an excellent survey of the theoretical 
and practical aspects of the properties of high-polymer solutions. 

Although the book contains nearly six hundred references, it is by no means a mere 
literature compilation. The authors have presented a careful evaluation of an enormous 
amount of material, most of which is not readfly available to the average chemist. Actually 
the book has a much wider scope than is indicated by its title, which hardly does justice to 
the subject matter. It can be recommended strongly to all chemists and engineers in¬ 
terested in polymerization in general, or in butadiene production. 

Only one error was noted by the reviewer: the statement on page 215, that a number- 
average molecular weight is given by light-scattering measurements, is incorrect. 

E. J. Meehan. 

The Theory of the Photographic Process. By C. E. Kenneth Mees. 1124 pp. New York: 

The Macmillan Company, 1944. Price: $12.00. 

In its more than one thousand pages, this book contains a wealth of interesting and 
stimulating facts. Rather than being an intensive exposition of the theories of the basic 
photographic reactions, as its title suggests, this book is nearly an encyclopedia of the facts 
and related theories of the photographic industry. As a result it touches on such unrelated 
subjects as the physics of crystals, the synthesis of dyes, statistical analysis of skewed 
distributions, and the dietary habits of rabbits. To the reviewer, it appears that the 
technological and organochemical aspects of the subject are treated somewhat more com¬ 
prehensively than its theoretical (physical and physicochemical) phases. In general the 
approach to the several theoretical fields is historical rather than critical. This, the 
historical approach, adds somew'hat to the complexity of an inherently complicated subject. 
In a few cases some minor faults might be found with the interpretation of facts, but in an 
encyclopedic work of this sort one marvels at the general accuracy rather than being 
surprised at a few slips. 

It is somewhat surprising that the general subject of color photography is not treated in 
this book (except for an incidental mention of the Kodachrome process on pages 393-8). 
Photographic processes which do not use silver halides are not mentioned. The use of 
photographic emulsions for recording x-rays or radioactive rays is not discussed. In the 
preface, the author apologizes for omitting a detailed treatment of emulsion-making, on the 
grounds that the greater part of such information is still confidential. 

The author’s style is in general simple and direct. The value of the book is increased by 
numerous references to the original literature. The book is clearly printed on opaque, 
glazed paper and is well illustrated in the diagrams and reproductions of photographs. 

Robert Livingston. 
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Linseed oil readily spreads on water into a monomolecular film whose surface 
pressure-area (f-A) curve is typical of unsaturated long-chain fatty acids. The 
film is in the expanded state at low pressures and changes into a condensed form 
at higher pressures. This change in state of the film is evident from a definite 
break in the slope of the force-area curve. 

Since linseed oil contains a high proportion of unsaturated fatty acids (14) 
—^namely, oleic, linoleic, and linolenic acid present as glycerides—its monomolecu¬ 
lar films are very susceptible to oxidation. However, the rate of oxidation of 
monolayers of the esters of unsaturated fatty acids varies with the pressure 
exerted on the film (8). To eliminate this difficulty the oil in this study was 
oxidized in bulk, and monolayers of the oxidized oil were studied. Long et aL 
(13) have made a similar study. 

Many investigators have studied the film properties of the individual fatty 
acids or their various esters (1-4, 7, 9-11, 15). These naturally fall into two 
classes: the saturated fatty acids which form a condensed film at room temper¬ 
ature with practically the same limiting area (^o) of 20.5 sq.A., and the un¬ 
saturated fatty acids which form an expanded film at room temperature. How¬ 
ever, this behavior is a function of the surface pressure and temperature, as the 
expanded films change into a condensed film at high pressures and the condensed 
films change into the expanded state at high temperatures. The expanded 
films tend to a definite area at low compressions of about twice the size of con¬ 
densed films (11). 


EXPERIMENTAL PROCEDURE 

In this study of monolayers of blown ainfe^eat-bodied linseed oil, the Cenco 
Hydrophil balance was used. After cleaning, the metal trough was coated 
with paraffin. A dilute solution of paraffin in benzene was used to coat the 
floating nflca barrier and the attached platinum strips. The trough was filled 
with water and the scale on the torsion head was calibrated over the entire 
range, using known weights from a Westphal balance. The values in dynes 
per degree were calculated by using the ratio of the two arms. An average 
value of 3.23 dynes per degree was obtained from a total of eighteen readings 
over a wide range of weights. The width of the trough was 14.0 cm.; however, 
the value 14.1 cm. was used in calculating the area of the film in order to com¬ 
pensate for the curvature of the water surface. Likewise, the value 13.0 cm. 
was used in calculating the pressures in dynes per centimeter length of the 
float in place of 12.0 cm., the length of the float. This w^as done to correct for 
the effect of the platinum strips at the ends of the float. 

'Present address; Drexel Institute, Philadelphia, Pennsylvania. 
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After some preliminary work it seemed desirable to use oonoentratioiis ci 
linseed oil in benzene of about 0.1 per cent. Samples oS about 0.1 g. were 
weighed, dissolved in benzene, and diluted to 100 cc. at 26°C., which was the 
approximate room temperature. The benzene solution was at first added to 
the water surface from a pipet on a volume basis, but it was soon found that 



Fio. 1. Plot of pressuro-area data for heat-bodied linseed oil. Hours at SOS^C.: •, 
0.0; 0,2.0; D.S.O; X,6.0. 

there was a considerable variation in drop size, so the method was abandoned. 
A small weighing bottle with a ground-glass stopper and attached dropper 
being used, the sample of three drops was added as quickly as possible and 
the weight of the sample was determined by difference. With this procedure, 
duplicate determinations checked quite closely. The barrier was then moved 
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up in definite increments and the areas determined at varying pressures. This 
procedure was also carried out as rapidly as possible, as the area tends to in- 
crease^ owing to oxidation by the air of the thin film, if it is allowed to stand 
for some time. 



Fig. 2. Plot of pressure-area data for heat-bodied linseed oil. Hours at 305®C.: 
0.0; O, 2.0; □, 3.0; X, 6.0. 

The preparation of the heat-boclied linseed oil is described by Adams and 
Powers (6) as sample I. The varioUwS samples were bodied at 305'^C. under 
vacuum for the designated times. Other properties of the oil samples are 
given in the paper referred to. The pressure~area data are plotted in figures 
1 and 2. The areas (A) plotted in figure 1 are cross-sectional areas per linseed 
oil monomer (725 mol. wt.), while figure 2 shows the areas (Ap) calculated from 
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tibe experimentally detennined mdieoular we^^hts. This takes into aocounli the 
increase in area due to polymerisataon. 

In preparing the oxidized samples, linseed oil ctmtaining 1.1 per cent lead as 
lead resinate and 0.0015 per cent manganese as manganese resinate was oxidized 
at 60®C. by blowing air through it. The oil gelled at the end of 29J hr. Samples 



Fiq. 3. Effect of varying degrees of oxidation on the pressure-area curves. Hours at 
eO-CC.; •, 0.0; O, 4.0; X, 8.0; □, 12.0; A, 16.0; •, 20.1. 

were taken at various times. Figure 3 contains the pressure-area curves and 
shows the effect of varying degrees of oxidation. In calculating the cross- 
sectional area per molecule the molecular weight of the monomer was used, and 
this molecular weight was corrected for the amoimt o( oxygm absorbed to 
calculate the area of the oxidized samples. 
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DISCUSSION OF RESULTS 

All of the curves obtained are composed of three distinct parts. At low 
pressures the films are in the expanded state; then at some definite pressure a 
sharp break occurs and the curves continue nearly parrllel to the area axis; 
finally they gradually change into the steep curve indicative of the condensed 
state. 

Langmuir (11, 12) has developed a theory for the expanded state by con¬ 
sidering the monolayer as a “duplex film’’. He noted the similarity between 
the expanded films and the spreading force of a large thin layer of a hydrocarbon 
oil placed on water with a monomolecular film of some substance such, as a long- 
chain fatty acid at the oil-water interface. He considers the upper part of the 
monomolecular expanded film, consisting of the hydrocarbon part of the mole¬ 
cule, as the liquid phase and the lower interface against the water as containing a 
number of water-soluble groups per square centimeter equal to the number of 
molecules. He derives the following equation 

(F - Fo)(a - ao) = kT 

where F, a, and T are the pressure, area, and temperature, respectively, k is the 
gas constant, and Fo and ao are two constants. Fo is the spreading coefficient 
of the hydrocarbon end of the molecule, and ao is a constant related to the 
area actually covered by the water-soluble groups. This is the equation for a 
rectangular hyperbola with asymptotes F = Fo and a == ao. Qualitatively, 
this equation fits the data obtained in this study for the films in the expanded 
state. For the equation to fit the data for the original linseed oil, F© must have 
a value of —11.0 and ao a value of 35. These are to be compared with the 
constants for oleic acid (5), Fo = —11.2 and ao = 19.9. 

It is apparent from figure 1 that the process of heat bodying does not introduce 
any radically new polar groups into the molecule or materially change the points 
of anchorage of the film. This is evident from the almost identical nature of 
the force-area curves obtained when the area per molecule is calculated on the 
basis of the starting monomer or molecular weight of the linseed oil. The 
slight spread of the curves is probably indicative of the accuracy of the exper¬ 
imental results. However, there does seem to be a difference between the curves 
for the polymerized and unpolymerized oil at the higher pressures that cannot 
be explained by experimental error. The transition from the expanded state 
to the condensed state takes place over a wider range of pressures in the case 
of the polymerized oil. Thus polymerization has a tendency to inhibit the 
mechanism of this transition. This is not a true phase transition, as it does 
not take place at constant pressure. 

If the increase in molecular weight due to polymerization is taken into account, 
as is done in figure 2, several points become evident. First, the cmwes extra¬ 
polate to increasingly larger limiting areas as the molecular weight increases, 
a result which is self-explanatory. Secondly, the points (/c, Ac) at which the 
curves experience a sharp change in slope occur at slightly smaller pressures 
with increasing molecular weights. Thus, it takes a slightly smaller force to 



516 D. C. LlCfiTCNWALNSB^ H. E. ADAMS AND P. O. POWSB6 

start the film to change into the condensed state as the oil polymerises. This 
is probably due to the disappearance of the unsaturation and consequently a 
sliid^t weakening of the force of attraction between the oil and water. The 
third point is that apparently all of the films are compressed to the same area 
at high pressures, irrespective of the molecular weight. 

The various constants for the heat-bodied curves are plotted in figure 4 as a 
function of the iodine number. The slight effect on fc of the change in unsatura¬ 
tion is shown. On the basis of the monomer, Ac and Ao remain constant, while 



Fig. 4. Influence of unsaturation. Plot of the various constants for the heat-bodied 
oil curves as a function of the iodine number. 

on the basis of the polymer Ac and .4o reflect the change of the molecular weight 
with iodine number. 

In the process of oxidizing linseed oil, polar oxygen groups are continually 
being added to the unsaturation of the fatty acids; consequently the film 
properties of the oxidized material should be highly dependent upon the amount 
of oxygen added. That this is true is evident from figure 3. The same qualita¬ 
tive facts are true here that were true for the heat-bodied samples. On the 
introduction of polar groups to the unsaturation, it takes progressively higher 
pressures to start to change the film from the expanded state to the condensed 
state. These facts substantiate the early observation of Langmuir (4) that the 
presence of double bonds in the middle of a fatty acid chain causes the films to 
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expand much more readily than films with saturated chains of similar length. 
Here again, the curves tend to a common area under very high compressions. 

The various constants of the oxidized oil curves are plotted in figure 5 as a 
function of the atoms of oxygen added. With the addition of three atoms of 
oxygen per glyceride molecule, /c, the pressure necessary to condense the film, 
practically doubles. Long (3) reports that fc changes from 11.0 dynes per 



Fig. 5. Influence of oxygen. Plot of the various constants of the oxidized oil curves as 
a function of the atoms of oxygen added. 

centimeter to 19.5 dynes per centimeter upon o.xidation for 185 hr. at 23°C,, 
a result which agrees with our results of a change in fc from 10.6 dynes per centi¬ 
meter to 20.8 dynes per centimeter upon oxidation at 60°C. for 12 hr. The 
area (Ac) corresponding to this pressure (Jc) continually decreases, while the 
limiting area (A©) increases with the addition of oxygen. This effect is too 
large to be caused by the mere change in bulk density. This increase in limiting 
area must be due to the greater attraction of the oxygen groups for the watet, 
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causing the film to flatten out and occupy a larger area. Strangely enoughi 
the addition of more than three oxygen atoms per glyceride molecule causes no 
further increase in area. Also, the further addition of oxygen above three 
atoms does not cause the pressure-area curves to differ appreciably from one 
another. Apparently, on the average it is only necessary to have one oxygen 



Fig. 6. Variation of the area with increasing amounts of oxygen at various constant 
surface pressures. 

atom per fatty acid chain to get the maximum area and maximum force of 
attraction between the oil and water. 

Figure 6 shows the variation of the area with increasing amounts of oxygen 
at various constant surface pressures. This indicates that if the measurement 
of the area at constant pressure were used as a measure of the oxidation, little 
change would be experienced at the higher amounts of oxygen. Also, it should 
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be Doted that oitygen has little or no effect upon the area at the constant pressure 
of 10.6 dynes per centimeter, the value of fc for the original linseed oil. 

SUMMARY 

These results show that under low compressions the individual glyceride 
molecules of linseed oil in a monomolecular film are lying almost fiat on the 
water surface. The chief points of attraction between the oil and water are 
the carboxyl groups, but the double bonds in the unsaturated fatty acids are 
also attracted to the water and thus cause the molecule to spread and occupy 
a much larger area. The addition of oxygen increases this attraction and causes 
the molecules to flatten further. A limiting area of 167 sq.A. is reached with 
the addition of three atoms of oxygen per glyceride molecule. Polymerization 
has very little effect on the pressure-area curves, as shown by the heat-bodying 
data. Consequently, it is impossible to isolate the polymerization reaction 
taking place in the oxidation of monolayers of linseed oil. 

The authors gratefully acknowledge the help of Miss Helen I. Yeager, who 
prepared the graphs, and of Prof. Charlotte I. Damerel of Wilson College, who 
made the ultimate analyses of the oxidized linseed oil. 
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Addition of strongly adsorbable negative ions (5, 7) and negative colloids 
(8) to iron oxide sols converts the surfaces of the particles from the positive to 
the negative form. At low concentrations of the added substances coagulation 
occurs, while at somewhat higher concentrations, the hydrous oxide is changed 
into a stable negative colloid. Solutions of the alkali silicates, because of the 
presence therein of hydroxyl ions, pol 3 rvalent negative ions, and/or negative 
ionic micelles, should be capable of producing these effects. Strength is given 
to this supposition by the fact that the silicates are used technically in water 
treatment as floc-producing aids (1, 2, 4). In addition they are employed in 
corrosion control (10), a fact which may be associated (5) with their ability to 
recharge iron oxide surfaces. 

The present investigation was undertaken to study the effect of silicate com¬ 
position in relation to the colloidal behavior of the systems. Colloidal ferric 
oxide was used as the reference system. Mobility and stability measurements 
were made in experiments conducted at different hydrogen-ion activities. The 
silicates employed varied in sodium oxide-isilica ratio from 1:1 to 1:4. 

EXPERIMENTAL 

The ferric oxide sol was prepared by dropwise addition of ferric chloride 
solution to boiling distilled water. Purification was effected by dialysis for 
1 week at room temperature with Visking casing. The sol was diluted before 
use to a concentration of 0.2 g. of ferric oxide per liter. 

The silicates employed in the study were furnished by the Philadelphia 
Quartz Company. The compositions of the samples are given below in terms 
of molecular ratio of sodium oxide to silica. 


COlOfEXCIAL BRAND 

I 

RATIO 

NasOzSiOs 

PERCENTAOB SOLIDS 

Metso Crystals. 

1:1.00 

57.57 

C brand. 

1:2.02 

53.65 

N brand. 

1:3.30 

37.77 

S brand.>.. 

1:3.98 

30.95 



Solutions containing 2000 p.p.m. of silica were prepared fresh daily by weighing 
and dissolving the calculated amount of samples. These solutions were diluted, 
at once, to a silica concentration of 200 p.p.m,, using distilled water and/or 
0.02 N hydrochloric acid. After preparation of the solutions, hydrogen-ion 
activity measurements were started without delay, and continued until constant 

^ Prepared for the 1945 Meeting-in-print, Division of Colloid Chemistry, American 
Chemical Society. 
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readings were obtained. Equilibrinm was established in a few minutes with 
these dilute solutions. The pH data are given in the following table: 


SILICA XATIO 


DILUENT 

1:1.00 

1:2.02 

1:3.30 1 

1:3.98 

Fresh 

24 hr. old 



Fresh 

24 hr. old 

Fresh 

24 hr. old 

Distilled HsO. 

11.2 

11.2 

10.3 

10.3 

9.8 

9.8 

9.6 

9.6 

Dilute HCl. 

9.1 

9.1 

9.1 

9.0 

9.1 


9.2 

9.2 

Dilute HCl. 

7.2 

7.2 

7.3 

7.1 

7.0 

6.9 

7.0 

6.9 

Dilute HCl. 





4.7 

4.6 

4.7 

4.7 


In the preparation of the silicate-iron oxide samples to be investigated, 
measured volumes of the stock solutions containing 200 p.p.m. of silica were 
diluted to 15 cc. with distilled water and mixed with 10 cc. of the iron oxide sol. 
Mobility and pH determinations were made after the samples had stood un¬ 
disturbed for 30 to 60 min. Evidence of coagulation also was observed. 

The pH values were measured with a Leeds and Northrup pH meter. Mo¬ 
bility determinations were made by a method described previously (12). All 
experiments were conducted at room temperature. 

RESULTS 

Tables 1-4 give mobility, pH, and flocculation data for iron oxide sols with 
the four silicates used as electrolytes. Results are given for freshly prepared 
silicate solutions and for solutions which had aged 24 hr. Mobility values are 
expressed in /u per second per volt per centimeter. Partial coagulation is in¬ 
dicated with a single asterisk and complete coagulation with two asterisks. 

The data in table 1 were obtained with stock solutions of different ratios 
prepared by diluting the commercial samples with distilled water to a silica 
concentration of 200 p.p.m. The results show that the more alkaline silicates 
were the most effective in discharging the iron oxide surfaces. Aging the solu¬ 
tions for 24 hr., under the conditions of these experiments, may be seen to have 
had little effect. In this respect the behavior of the most silicious of the samples 
was exceptional, especially at low silica concentrations where a decrease in 
activity accompanied the aging. 

Mobility data from table 1, for the freshly prepared silicate solutions, are 
plotted in figure 1. The relationship of the mobility of the iron oxide particles 
to their stability is shown in this figure. The positive critical mobility region, 
above which the particles were positive and stable, and the negative critical 
mobility region, below which the particles were negative and stable, were con¬ 
structed from coagulation data. It may be seen that the courses of the mobility 
curves through the coagulation zone are very steep for the two most alkaline 
silicates. In addition, inspection of the figure shows that the most alkaline of 
the samples recharged the system at the lowest silica concentration. In this 
case the mobility curve crosses the isoelectric zone at a silica concentration of 
approximately 4.4 p.p.m. 
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The data in table 2 were obtained with silicate stock solutions containing 200 
p.pjn. of silica and adjusted to a pH of 9.1-9.2. The results show the effects of 
partial neutralization of the silicates and the elimination of pH as a variable. 
It is revealed, under these conditions, that the effectiveness of the silicates 
decreases with decrease in the silica ratio, and that aging modifies the behavior 
only with the most silicious of the samples. Mobility values from table 2, for 
the freshly prepared samples, are plotted in figure 2. Comparison of the mo¬ 
bility curves with those of figure 1 shows that their passage through the coagula¬ 
tion zone was shifted to higher silica concentrations. The decrease in effective¬ 
ness caused by the reduced pH was greatest for the least silicious of the samples. 
It may be observed also that the recharging concentrations were shifted to 



Fio. 1. Effect of silicates at their normal hydrogen-ion activities 

higher values and that coagulation extended over a wider range of silica con¬ 
centrations. 

The data in table 3 and figure 3 obtained with silicates neutralized to a pH 
of 7.0~7.3 show the effects of the elimination of excess hydroxyl ions. 

The behavior of the compositions corresponding to Na20,3.98Si02 and Na 20 , 
3.30SiO2, adjusted to pH 4.6-4.7, is shown in table 4 and figure 4. The broken 
curve corresponds to values determined after the sol-electrolyte mixtures had 
stood for 24 hr. 

The mobility curves in figures 5-8 summarize the modifying effects of pH on 
each of the silicates when employed as electrolytes with iron oxide. 

In an experiment designed to evaluate the effect of calcium-ion concentration 
on the mobility behavior of iron oxide with the silicates, 66.6 p.p.m. of calcium 
chloride was added to the sol-electrolyte samples. The results are shown in 
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figure 9. The silicate stock solutions were prepared by diluting the commercial 
products with distilled water. The data m figure 9 may be compared with those 
in figure 1, which also were obtained at the normal hydrogen-ion activities of 
the electrolytes. It is seen that the presence of calcium chloride caused an up¬ 
ward displacement of the mobility curves from the region of negative stability 
to the coagulation zone. This behavior may be attributed to the adsorption*' 
of calcium ions, which decreased the negative charge on the (recharged) particles 
and thus opposed the recharging effect of the silicates.^ 



DISCUSSION 

A comparison of the present data with those obtained previously (6) in a pH 
study with a dilute iron oxide sol shows that the silica in alkali silicates was 
active from the electrokinetic point of view. For example, alteration of the 

* The presence of calcium chloride extended the coagulation range of the silicates in 
much the same way, although more so, as a moderate reduction in pH of the samples. 
(The effectiveness of silicates, in practice, as floc-producing aids is enhanced by partial 
neutralization (2) and by the addition of polyvalent metal ions (1).) However, in the ex¬ 
periment described, i.e., employing the silicates at their normal hydrogen-ion activities, 
the concentration of silicates required to initiate coagulation was not increased (as judged 
from the mobility curves). This fact is of interest since colloidal silicious particles, if 
present in the samples, would have had their negative charge reduced by adsorption of 
calcium ions, and thus the samples would have been made less effective in reducing the 
stability of the iron oxide particles. Time was not available for extending the investigation 
to the study of the effect of calcium chloride on the behavior of partially neutralized sil¬ 
icates. 
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hydrogen-ion activity of a positive iron oxide sol with hydrochloric acid or sodium 
hydroxide has been shown to produce the following effects (6): 

(Jf) An increase in pH from 6.9 to 6.6 decreased the mobility from 3.7 to 
3.2 /i/sec./v./cm. 

(jB) At pH 8.6 the particles were isoelectric. 

(3) At pH 11.0 the particles displayed a mobilty of about — L3 m/scc./ 
v./cm. The system was flocculated under these conditions, however, 
and it was not stabilized even in the presence of increased amounts 
of sodium hydroxide. 

On the other hand, data in table 1 reveal that alkali silicates may convey a 
sufficient negative charge to iron oxide particles to cause them to be stable a^ 
pH 8.7. Table 2 discloses that iron oxide particles may be made isoelectric a^. 
a pH between 7.0 and 7.3 by the addition of silicates*, while table 3 shows tha. 

t 



RRM. SiOj 

Fig. 3. Effect of elimination of excess hydroxyl ions 


all the phenomena accompanying the recharging of the iron oxide system to the 
stable negative form may occur in the pH interval 5.9 to 6.6. 

The stabilizing action of silica for iron oxide is enhanced at high pH values. 
This conclusion is supported by the data in table 1 and figure 1, where it is 
shown that when used at their normal hydrogen-ion activities, the silicates 
were least effective as coagulators for the hydrous oxide. Coagulation extended 
over narrow concentration ranges under these conditions. Decreasing the pH 
of the solutions shifted their recharging concentrations to higher values. This 
fact is portrayed in figures 5-8 and in table 5.^ 

• The shifting of the isoelectric point from 8.6 to lower pH values by strongly adsorbable 
negative ions has been encountered before (5, 7). 

^ The data in table 5 also may be used to estimate the coagulation ranges of the silicates 
at various hydrogen-ion activities. These data were approximated from figures 1,2, and 3. 
Concentrations are expressed in parts per million of silica, the first number corresponding 
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TABLE 4 



SILICA BATIO 


1;3J0 

Fresh 

24 hr. old j 

Fresh 

1 24 hr. old 

pH 

Mobility 

pH 

Mobmty 

pH 

Mobmty 

pH 

MobU- 

ity 

0 

8 

20 

32 

40 

60 

80 

5.9 

5.9 

1 

5.8 

5.7 

5.5 

5.3 

4-3.4 

4-3.1 

4-2.6 

4-1.2*t 

4-0.7*t 

=fc0.0(~0.2){ 

db0.0(--0.8)t 


4-2.8 

4-2.4 

4-1.2* 

4-0.6** 

=fc0.0(-0.2)t 

db0.0(~0.7)t 

5.9 

5.9 

5.8 

5.7 

5.6 

■+•3.4 

4-3.2 

4-3.15 

-h3.1 

4-3.0 

4-2.8 

4-2.9 


4-2.7 


* Partial coagulation. 

** Complete coagulation. 

t These samples, which were only partially flocculated at the time of the mobility meas¬ 
urements, were observed after the lapse of 24 hr. and found to be completely coagulated. 

J The values in parentheses were determined after the samples had stood for 24 hr. These 
systems were stable ^ and the faint opalescence which had developed during their preparation 
had not increased. 
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Fig. 4. Effect of silicious silicates at pH 4.6-4.7 


eo 


^ indicated earlier, the present work compared different silicates at the Hsma 
silica concentrations and, except for the series of experiments reported in figure 

to the flocculation value, the second designating the deflocculating concentration. The 
differences between the numbers measures the coagulation ranges for a given silicate. 
These may be seen to be greater the lower the pH of the systems. 
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f ®““® hydrogen-ion activities. The results obtained (see 

tables 2, 3, 4, and 5 and figures 2,3, and 4) force the conclusion that at a given 




Fig. 6. Effect of pH on the behavior of composition NajO,3.30SiO2 

silica concentration and a given hydrogen-ion activity the effectiveness of the 
silica in the solutions depended upon the silica ratio of the source material. 
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This fact is illustrated further by taUe 6, which gives the silica oonoaiitralhui 
parts per million required to reduce the mobiHly of the iron oxide parades 



0 £0 40 60 m 

P.RM. SlO^ 

Fio. 7. Effect of pH on the behavior of comporiUon NaiO,2.02BiOi 



the isoelectric condition. The pH values recorded in table 6 are for the stock 
solutions of the different silicates, each containing 200 p.p.m. of silica. 
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Addition of hydrochloric acid to the silicates resulted in the formation of 
differoit amounts of sodium chloride and a constant amoxmt of hydrous silica. 
The largest amount of sodium chloride was formed with the sample having the 
smallest silica ratio. The same sample showed the greatest decrease in activity 
on the addition of acid. In seeking a possible connection between these facts 
it may be pointed out that 1-1 type electrolytes have little effect on the mobility 



Fig. 9. Effect of 66.6 p.p.m. of calcium chloride on the behavior of silicates at their 
normal hydrogen-ion activities 


TABLE 5 

Coagulation ranges of silicates 


SILICA XATIO 


1:3.98 

1:3.30 

1:2.02 

1 1:1.00 

pH 

p.pjn. 

pH 

p.pjn. 

pH 

p.p.m. 

pH 

p.p.m. 

9.6 

6-12 

9.8 

4-11 

10.3 

4-7 

11.2 

3-6 

9.2 

10-23 

9.1 

12-26 

9.1 


9.1 

16-37 

7.0 

23-56 

7.0 


7.3 

48->80 

7.2 

40->80 


and stability of iron oxide (6) even at concentrations much higher than those 
encountered in the present work. However, when applied to its effect on col¬ 
loidal silica, which undoubtedly was present to a greater or less extent in the 
various samples, the part played by sodium chloride is not so evident. Available 
data were obtained with an aged, dialysed silica sol (5a) and show that sodium 
chloride decreased the negative character of silica substantially at concentrations 
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of the order encountered here, lliffi factor may have contributed to the Ob¬ 
served differences of the silica in the various samides of the inesent 
It has been recognised for some time that the colloidal nature of silicates m- 
creases with silica ratio (11). This was verified for the samples used in the 
present study by several experiments involving dialysis and based on the promise 
that retention by a membrane was a measure of colloid concentration. Solu¬ 
tions containing 2000 p.p.m. of silica were prepared by diluting the original sam¬ 
ples with distilled water. The freshly prepared solutions (the metasilicate 
solution was 14 days old) were placed in Visking casing and dialyzed 5 days. 
At the end of this period the pH values of the solutions ranged between 5.8 and 
6.1. Silica determinations were made, with the results tabulated below: 


SXUCA &ATIO 

SiOi IN DIALYSATS 


p.p,m. 

1:3.98 

200 

1:3.30 

68 

1:2.02 

<4 

1:1.00 

8 


TABLE 6 


Isoelectric concentrations of silicates 


pH 

SILICA XATIO 

1:3.98 

1:3.30 

1:2.02 

1:1.00 

9.1-9.2 

17.5 

19.5 

22.5 

27 

7.0-7.3 

35 

43.5 

75 

>80 

4.6-4.7 

60 

>80 

>80 

>80 


The above data, while showing that a high colloid content was associated 
with a high silica ratio and thus might serve as a basis for rationalizing the 

^ The coagulation behavior of the composition corresponding to Na20,3.98Si02 requires 
special consideration at pH 4.7. The silica in the sample at this pH apparently was largely 
in the form of negatively charged, highly hydrated aggregates. When added to iron oxide 
the silica was adsorbed and lowered the mobility of the particles. The decrease in charge 
of the iron oxide lowered its stability. At the same time, however, the adsorbed silica 
conveyed a hydrophilic surface to the iron oxide particles, thus increasing their stability. 
At low concentrations of the silica mutual coagulation occurred, but as the concentration 
of the silica was increased, and the surface of the iron oxide became more completely cov¬ 
ered, the silica functioned as a protective colloid. As a result the system was stabilised 
even though the electric charge was eliminated. 

' Baylis (2) has observed that silicates reduced to a pH in the acid range offer small aid 
to coagulation. It has been shown with dialyzed and aged silica sols (5a), however, that 
the silica coagulates iron oxide at a high critical potential. 

The change in mobility of the particles on standing, noted in table 4 and figure 4, may 
have been due to a rearrangement of the adsorbed silica, possibly by syneresis, in such a 
manner that more of it was accommodated on the iron oxide surfaces. 
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results which have been presented, did not distinguish between the colloidal 
particles originally present in the starting solutions and those formed during 
the reduction of pH by dialysis. In an effort to gain information on this point 
as well as to check the above results, the compositions corresponding to the 
molecular ratios Na20,3.98Si02 and Na2O,3.30SiO2 were dialyzed. The original 
samples were employed in this study, the results being given in some detail 
below. 

About 176 ml. of each of the samples was introduced into Visking casing and 
the latter placed in 1-liter beakers filled with distilled water. After standing 
24 hr., duripg which time it was stirred at intervals, the diffusate (outside liquid) 
was replaced with water. The water was not changed again until 48 hr. had 
elapsed. It was changed again after a second 48-hr. period. The three diffus- 
ates from each sample were retained for study. Qualitative tests showed that 
the silica from the sample with the lower silica ratio diffused at the faster rate. 
A strong gel formed immediately upon neutralization of the 24-hr. diffusate 
with hydrochloric acid, while a weak gel formed at once upon neutralization of 
the first 48-hr. diffusate. There was no immediate gel formation upon neu¬ 
tralization of the second 48-hr. diffusate. Similar tests under like conditions 
with the more silicious sample resulted in the formation of a \veak gel from the 
24-hr. diffusate and no gels from the 48-hr. diffusates. 

During the first several days of dialysis there was evidence of considerable 
osmotic phenomena. Water flowed into the bags to such an extent that the 
solutions were diluted about threefold. There also w as evidence of some sed¬ 
imentation with deposition of silicious material in the bottom of the bags. The 
deposit w^as greater with the sample that had the greater original turbidity 
(Na20,3.98Si02) and may have been due to the settling of coarse particles of 
silica.® 

After the second 48-hr. period and over an interval of 15 days, the water was 
changed twenty-nine times, the diffusates being discarded. The Visking casings 
containing the partially dialyzed silicates then were placed in approximately 
2 liters of distilled water in separate beakers and permitted to rest with daily 
stirring for 80 hr. At the end of this period the hydrogen-ion activities of the 
diffusates and the dialysates (solutions inside the membrane) were determined. 
In order to verify the results, the experiment was repeated, discarding the diffusate 
and replacing it wdth water. Twenty-four hours later the water again was 
changed and the systems permitted to come to equilibrium for 144 hr. The 
results of the hydrogen-ion activity determinations are shown in table 7 in terms 
of pH. It may be noted in both experiments and with both silicates that the 
liquids outside the membrane were more alkaline than those inside. These 
findings were a result of ‘^membrane hydrolysis*’ and were a demonstration of 
the fact that the silicates retained by the membrane were in the form of colloidal 

• By coarse particles is meant those above the colloidal size range. The presence of 
these being postulated, it is possible to ascribe their stability in the original samples to the 
* ^suspending action*' (9) of the electrolytes therein. As the originally high concentration 
of the electrolytes was reduced by dialysis and dilution, the particles settled owing tc 
gravity. 
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electrolytes. Sodium ions, but not coUmdal silicate ions, diffused through ibe 
manbrane, and, in order to meet the requirements of the Donnan membrane 
equilibrium, hydrogen ions diffused into the inner compartment. 


TABIJE 7 


MVlIBBt or WATEK 
CKAMOBS 

BQtTlLtBmiXnC TIME 

hlxcabatio 

1:3.98 { 

1 

BifiuBAte 1 

BiftlyMte 

DiffttMte 

BUlyMte 

29 

31 

80 

144 

MBM 

7.0 

6.6 

6.83 

6.8 

6.5 

6.43 


Dialysis was discontinued after 10 more days, during which period the water 
was changed twelve times. Silica concentrations and pH values of the sols were 
determined. The results are tabulated below: 


XATXO 

pH 

PBBCENTAOB SILICA 

1:3.98 

5.3 

1.24 

1:3.30 

5.5 

0.35 


The above data show that a high percentage of the silica from both samples had 
diffused through the membrane and, accordingly, was non-colloidal from this 
standpoint. 

The diffusates collected at the end of the first 24 hr. were analyzed for silica 
and then placed in Visking casing. They were dialyzed for 19 days, during which 
time the water was changed twenty times.’ The sols were analyzed for silica 
and their pH values determined. The results are shown below: 


BATXO 

pH 

PBECEMTAOE SILICA 

1:3.98 

4.72 

0.5 

1:3.30 

4.75 

0.32 


Table 8 summarizes the results of the dialysis experiments. The data in the 
table refer to the silica concentrations in terms of percentage and are given for 
tbe original silioates and the sols obtained from these. Similar data are given 
for the diffusates collected at the end of the first 24 hr. of the dialysis of the 
original samples and for the sols resulting from the dialysis of the diffusates. 
These data demonstrate that the tendency to assume the colloidal state increases 
with increase in silica ratio of the starting material. This is illustrated not only 

’ At the end of the twelfth day and after the thirteenth water change the systems were 
permitted to approach equilibrium for 96 hr. The pH values of the liquids on the opposite 
sides of the membrane were determined, and it was found that membrane hydrolysis had 
occurred as in the previous dialysis. In this case the pH values of the inmde liquids were 
lower by about 0.7 of a unit. 
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by a comparison of the silica concentrations of the sols but also by a comparison of 
the concentration of the sol precursors, particularly the diffusates. 

The conclusions of Hannan (3) concerning the constitution of silicates of 
different ratios are consistent, in general, with that portion of the results of the 
present work which bears on this subject. In concentrated solutions at high 
alkalinities the silica in the silicates of ratio 1:1 and 1:2 exists predominantly 
as small hydrated particles approaching, or of, ionic size. On the other hand, 
the silica in concentrated solutions of the silicates of ratios 1:3.30 and 1:3.98 
is polydisperse with respect to size. In the latter case it is present as aggregates 
which range in size from ionic to colloidal dimensions. Increase in silica ratio 
increases the size and number of these aggregates. The ability of the aggregates 
to function as nuclei for condensation increases with size.® 

The results in table 8 can be explained on the above basis: the silica in the 
sample with the highest silica ratio was present to the greatest extent as aggre¬ 
gates of such a size as to be capable of nuclear action under the conditions of 
the experiment.® 


TABLE 8 


XATIO 

OXIGINAL SAMPLE 

SOL* 

DIPPUSATE 

SOLf 

1:3.98 

24.56 

1.24 

3.48 

0.5 

1:3.30 

28.78 

0.35 

5.97 

0.32 


* The volumes of these sols were about three times the volumes of the original samples, 
t The volumes of these sols were about one and one-half times those of the “diffusates.** 


The present work yielded no defininite evidence as to the presence of simple 
silicate ions in the solutions, nor was a sharp differentiation between the aggre¬ 
gates (or nuclei) and ionic micelles, in relation to their effect on iron oxide suHaces, 
accomplished. However, it is plausible to assume that at high pH values and 
Avith silicates of low silica ratios the discharging action was due to hydroxyl 
ions and to very small aggregates or ions. At lower pH values and with silicates 
of high silica ratios the discharging action predominantly was due to larger, 
but diffusible, aggregates^® and to ionic micelles. 

* While it is reasonably certain that a reduction of pH favors the formation of nuclei, 
the effect of the reverse change, i.e., the effect of increase in pH on the number and the size 
of nuclei, was not investigated. 

® The silica sols obtained by dialysis of the original samples appeared to be identical, as 
measured by the effect of their silica on iron oxide sols. However, the experiments in this 
connection were conducted at only two silica concentrations and at one hydrogen-ion ac¬ 
tivity. 

Evidence of a negative charge on the aggregates w'as furnished by dialysis experiments 
with solutions of the composition corresponding to Na20,3.98Si02. Dilutions containing 
200 p.p.m. of silica were made and adjusted to pH values of 7.0 and 4.65, respectively. 
Dialysis for 1 week resulted in a decrease of the discharging activity of the solutions by 
about 60 per cent. It was assumed that simple silicate ions did not exist in the solutions of 
the above hydrogen-ion activities and that the residual activity, after dialysis, was due 
to ionic micelles. Sodium chloride, of course, was removed by the dialysis, but being a 
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Partiele growth by condensation requires time. It is well known that i^ca sols 
prepared by acidifying silicate solutions must be permitted to age before dialysis. 
If this is not done, an appreciable loss of silica occurs by diffusion. Hie dilute 
solutions emplo 3 red in the present work did not present favorable systems for 
age studies. Only small changes in effectiveness were noted during the 24-hr. 
observation period under the experimental conditions described. Baylis (2), in 
connection with studies of the application of partially neutralized silicate solu¬ 
tions as coagulation aids in water purification, has shown that age has little 
effect on the properties of the solutions when the concentration of silica is less 
than 0.5 per cent. However, with solutions containing between 1.0 and 1.5 
per cent silica prepared from a highly silicious sample, Baylis found that the 
solutions changed in activity depending on the time of standing and the alka¬ 
linity. 

In a preliminary experiment with the silicate of ratio 1:3.30 diluted to a 
concentration of 1.6 per cent silica and adjusted to a pH of 10.2 with hydrochloric 
acid, it was found that changes in the properties of the solution (including pH 
changes) occurred with age and that they could be followed by the techniques 
applied to the dilute solutions already described. It is hoped that these will 
be investigated in the future, using different silicates under different conditions. 

SUMMARY 

1. It has been shown that silicates, varying in sodium oxide"-silica ratio from 
1:1 to 1:4, display a behavior toward iron oxide resembling that of electrolytes 
which contain strongly adsorbable, polyvalent negative ions. 

2. It has been found, in silicate solutions with unadjusted hydrogen-ion 
activities, that flocculation was initiated at low silica concentrations, while at 
somewhat higher concentrations the iron oxide was recharged to the stable 
negative form. 

3. Neutralization of the silicates to varying degrees has been observed to 
increase the amounts required for flocculation and for recharging the iron oxide. 
Although a decrease in pH reduced the effectiveness of the silicates in these 
respects, the same factor increased the concentration range over which coagula¬ 
tion occurred. 

4. Calcium chloride, at a concentration of 66.6 p.p.m., was found to extend 
the concentration range over which the silica produced coagulation without, in 
samples at their normal hydrogen-ion activities, increasing the silica require¬ 
ments for initiating coagulation. 

5. It has been shown that, at a given hydrogen-ion activity and a given silica 

1-1 type electrolyte and present in only a low concentration, its effect on the mobility was 
negligible. 

Since this salt was formed in all solutions to which hydrochloric acid was added and for 
which coagulation data have been given, it should be pointed out that sodium chloride 
decreases the stability of iron oxide particles. This effect is proportional to its concentra- 
tion and presumably is caused by a decrease in thickness of the double layer with an atten- 
dant elevation (or depression for the negative sol) of the critical mobility (5c). 
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concentration, the effectiveness of the silica in discharging and recharging iron 
oxide surfaces increased with the silica ratio of the original samples. 

6. The tendency of sodium silicates to form colloidal suspensions has been 
found to increase with increase in silica ratio. 

7. Evidence has been presented which supports the belief that silica sols are 
colloidal, electrolytes. 
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I, INTRODUCTION 

Recently, an attempt has been made to apply the results of crystal-structure 
determinations of silicates and aluminates occurring in cement to an inter¬ 
pretation of their chemical behavior, such as the hardening by reaction with 
water (10). Brandenberger (2) has tried to explain in terms of crystal struc¬ 
ture the greater reactivity of the high-temperature modifications of compounds 
such as calcium orthosilicate (a and fi) as compared with the inertness of the 
low-temperature (y) form of this compound. A tendency of the calcium cation 
at room temperature to surround itself with a larger number of negative ions, 
such as O^"", than at higher temperatures was assumed. Specifically, it was sug¬ 
gested that the co5rdination number of calcium for oxygen in the reactive ^-form 
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which is metastable below 675®C. might be 4, that is, less than the ccnrespcmd- 
ing figure (6) for the inactive low-temperature ( 7 ) form, the crystal structure of 
which has lately been shown by O’Daniel and Tscheischwili (28) to be of the 
type of olivine. By all these authors a Ca 04 group was assumed to have a 
greater tendency to add water molecules and thus to produce a normal, high 
oxygen codrdination of 6 or 8 around calcium than a CaOe group such as the 
one occurring in the olivine structure of the low-temperature form. ^ 

No actual experimental determination of the atomic arrangement in the reac¬ 
tive high-temperature forms of calcium orthosilicate was available to support 
the assumption of CblOa groups in stabilized /^-calcium orthosilicate. On the 
contrary, the writer (4, 7) has shown that the crystal structures of the two 
forms of calcium orthosilicate above 1420°C. most likely are the same as those 
of the two forms of potassium sulfate. In the low-temperature (0) form of 
potassium sulfate, potassium has nine to ten nearest neighbors, oxygen atoms 
belonging to tetrahedral SO4 anions (33). In high-temperature a-K 2 S 04 , shown 
(4) to have the structure of glaserite (18), the number of nearest neighbors of 
potassium is similar. Because of the isotypy of a- and a'-calcium orthosilicates, 
the forms stable above 1420®C., with these two forms of potassium sulfate, 
calcium must necessarily have the same number of nearest neighbors in these 
two crystal modifications of Ca 2 Si 04 , that is, nine to ten. With the correspond¬ 
ing coordination number having been shown to be only 6 in the low-temperature 
( 7 ) form of Ca 2 Si 04 , we note that the tendency of calcium in regard to its 
coordination with oxygen as a function of temperature appears to be just the 
reverse of that assumed in Brandenberger’s theory. The coordination around 
calcium actually is lowest at low temperatures and highest at high temperatures. 

Before a more detailed and at the same time more general discussion of this 
problem will be presented, some additional experimental evidence is examined 
in the following, which demonstrates the existence in calcium orthosilicate, at 
high temperatures, of an atomic arrangement in which the coordination around 
calcium is 10 rather than 4. 

II. THE STRUCTURE OF MERWINITE, A SOLID SOLUTION OF Mg2Si04 IN a'-Ca2Si04 

The effect of additions, to calcium orthosilicate, of small amounts of phosphate 
or potassium silicate was considered to represent the stabilization of a hereto¬ 
fore unknown crystal phase of Ca 2 Si 04 , designated the a'-form by the writer, 
and isotypic with / 3 -K 2 SO 4 (4, 7). It now appears that magnesium orthosilicate 
also belongs to the agents able to stabilize the orthorhombic, second-highest- 
temperature form («')• Merwinite, ‘'3Ca0-Mg0-2Si02,” which occurs as a 
natural mineral (24) as well as an occasional constituent of slags (32), and 
which has also been recommended as a refractory material (25), is believed 
by the writer to be nothing but the a'-form of Ca 2 Si 04 , stabilized by and con¬ 
taining in solid solution a maximum of approximately one-third of one mole of 
Mg 2 Si 04 per mole of Ca 2 Si 04 . 

In table 1, d values of an orthorhombic crystal lattice with the constants 
ao = 5.20, 60 == 9.20, and co = 6.78 A. (a:b:c = 0.565:1:0.737), isotypic with 
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19 -K 2 SO 4 , are compared with the experimental d values reported by Phemis- 
ter (32). The agreement is considered rather satisfactory. The lattice con¬ 
stants, and also in general the intensities of the x-ray reflections, are quite 
similar to those of / 8 -CaNaP 04 with ao = 5.215, 60 ~ 9.32, and Co = 6.83 A. 


TABLE 1 

Interpretation of powder x-ray pattern of mermnite, a'-CCajSiOi iMgsSiOO 
Cq 6.20, bo “ 9.20, Co ■» 6.78A.; « * 4; specific gravity (x-ray) « 3.34* 


INTENSITY 

(Pbemister (32)) 

(^oaleulated 

(Bredig) 

INDICES 

hkl 


i. 

A. 


w. 

2.94 

(2.94) 

(130 Kfi) 

w. 

2.83 

2.845 

102 

! 


f2.72 

112\ 

m. 

2.73 

\ 2.73 

022/ 

s. 

2.66 

2.65 

130 

v.w. 

2.41 

2.42 

122 

w. 

2.30 

2.30 

040 

w. 

2.20 

2.20 

013 

w. 

2.16 

2.15 

221 


O flQ 

/2.025 

113\ 

w. 

J.Uo 

12-03 

023/ 



[1.906 

231] 

m. 

1.90 

]1.905 

042[ 



(1.89 

123/ 

m.w. 

1.87 

1.88 

222 

v.w. 

1.75 

1.74 

150 



fl.70 

004] 

v.w. 

1.69 

jl.68 

213[ 



(1.68 

151/ 


etc. 




Reflections hOl, i « 2n -f 1, and hkO, b -t- fc =» 2n + 1 are not observed; space group « 


* In the mineral merwinite, Larsen and Foshag (24) have found 3.15. Spurrite and 
gehlenite of considerably lower specific gravity were reported to have been closely as¬ 
sociated with merwinite in the sample. 

(a:b:c = 0.660:1:0.733), space group Dll which is also isotypic (4) with 
/ 3 -K^ 04 , ao = 6.76, bo = 10.06, co = 7.46 A. (a:6:c = 0.673:1:0.742). The 
orthohexagonal lattice constants of solid solutions of the highest-temperature 
(a) form of Ca 2 Si 04 (4) are, for comparison, ao = 6.40, bo = aos/S = 9.36, 
Co = 6.996 (19) (o:6:c = 0.677:1:0.749). 

In a brief discussion of the structure, H. J. Goldschmidt and Rait (16) re- 
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cently suggested that merwinite was isotj’iHC with perovskite, CaTiQi. Such au 
isotypy seems extremdy improbable4 It would requim the same arraugemeut 
oi the oxygiBD. ions in relation to the metal ions. In perovskite titanium is sur- 
rounded by six oxyg«i atoms. It is not clear how the authors propose to reetm- 
eile with this fact the assumption of Si 04 tetrahedra. 

Just as in the cases of phosphate and potassium silicate additions to calcium 
orthosilicate, where formulas for ternary compounds such as “CaT(P04)s(SiQ4)t” 
or “Cai|Ks(Si 04 )u” could be discarded (4, 7), present experimental facts do 
not warrant conradering merwinite as a ternary compound, “3CaO < MgO • 2SiC)s.” 
'Dus is true even though Osborn (30) and Parker and Nurse (31) have foimd 
merwinite to exist in equilibrium with the liquid, where it had not been observed 
originiilly in tlie first comprehensive study of the ternary equililnium diagram 
by Ferguscm and Merwin (14) and by Greig (20). In none of these studies 
was any evid^ce presented which would exclude complete solubility in the 
solid state, in the temperature range between 1420°C. and, say, IfiSO^C., be¬ 
tween CaiSi 04 (a'-form) and the composition of the alleged “Compound 
3CaO* MgO *28102.” According to the more recent investigations cited above 
(30,31), the phase called merwinite melts incongruently at 1580°C., decomposing 
into mdt and Ca 3 Si 04 . At this temperature, pure Ca 2 Si 04 is most likely to be 
present in its hexagonal glaseiite-type form (a). On quenching, it will, how¬ 
ever, be found in the ^-modification, owing to successive transformation into 
the a'- and /S-forms because of the absence of a sufficient quantity of stabilizers 
in solid solution. 

In a previously published representation of the equilibria of calcium ortho¬ 
silicate with orthophosphate (7) the transition point a' a in pure Ca 2 Si 04 
had been placed tentatively near ISOO^C., halfway between the long known 
transition point at 1420°C. and the melting point. The latest data by Osborn 
and by Parker and Nurse, however, make it necessary (8) to place the transition 
a' ^ a at a temperature between 1420° and 1580°C., if the assumption of the 
identity of merwinite as a solid solution of Mg 2 Si 04 in a'-Ca 2 Si 04 , proposed by 
the writer, is to be maintained. These relations are indicated schematically 
in the diagram of figure 1, representing a pseudo-binary join from Ca 2 Si 04 
towards CaMgSi 04 (monticellite) and Mg 2 Si 04 (forsterite), in the ternary sys¬ 
tem CaO-MgO-Si02. They will have to be tested experimentally in the region 
close to Ca 2 Si 04 . 

If a careful interpretation of x-ray intensities should show that magnesium 
is not randomly placed on the cation positions of the a'-Ca 2 Si 04 crystal lattice, 
but occupies only one type of these, it would be necessary to revert to the con¬ 
cept of merwinite as a ternary compound in spite of complete isomorphism 
with a'-Ca 2 Si 04 . Such a condition has been assumed to exist in monticellite, 
CaMgSi 04 , of Mg 2 Si 04 (olivine) structure (9), which forms an uninterrupted 
series of solid solutions with Mg 2 Si 04 . 

Some observations on merwinite are in disagreement with the orthorhombic 
symmetry assumed here for a'-C 5 a 2 Si 04 . If these observations are considered 
indicative of lower crystal lattice symmetry, it might be necessary to modify 
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the assumption of the identity of the merwinite specimens examined optically 
at room temperature with the actual a'-Ca 2 Si 04 solid-solution phase at high 
temperatures: A transformation may have occurred on cooling which may have 
diminished the crystal S3anmetry from that of the orthorhombic /3-potassium 
sulfate structure of a'-Ca 2 Si 04 to that .(monoclinic, triclinic) reported by Phemis- 
ter and others for merwinite. In fact, the polysynthetic twinning reported by 
these authors seems to point to such a possibility, just as did the twinning in 



Fig. 1. Probable phase relations of the system CaO-MgO-SiO: in the vicinity of CafSi 04 
(schematic). 

so-called a-Ca 2 Si 04 , which was actually i 8 -Ca 2 Si 04 (Hansen (21); Insley (22)). 
The conclusions drawn both from the occurrence of the /3-potassium sulfate 
structure in Ca 2 Si 04 containing phosphate or potassium silicate and from the 
striking similarity of Phemister^s x-ray pattern of merwinite with that of 
/ 8 -potassium sulfate, even though merwinite might actually be of lower sym¬ 
metry, would remain valid regardless of the existence of such a transition. (The 
formation of a highly asymmetric monoclinic or triclinic structure from melts 
of simple orthosilicates at high temperatures seems rather unlikely.) 
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in. DisonssioN 

The oxygen coordination of 9 to 10 around calcium in the potassium sulfate* 
type, hi^-temperature, a', crystal structure of Ca!^i 04 represents a consider¬ 
able increase from the CaOe coordination of the olivine-type, lowest-temperature 
7 -form. It is precisely this increase, rather than a decrease to Ca 04 presumed 
by O^Daniel and Tscheischwili and others, that must actually be expected from 
theoretical considerations. 

The authors just mentioned pointed to the following rule pronounced by 
V. M. Goldschmidt (17) in 1926: At high temperatures that crystal structure 
(of an AmBXn compound) is stable which could be also obtained, through a 
morphotropic change in structure, by substituting a lower homologue for the 
cation (A) by which the BXn radical ion is “contrapolarized.^* 

The term ‘‘contrapolarization** was introduced by Goldschmidt (17) in refer¬ 
ence to the theory of the—^mutual—deformation (polarization) of the elec¬ 
tronic shells of ions, advanced and extensively developed by Fajans (11-13). 
^‘Contrapolarization,” according to Goldschmidt, is the electrostatic influence 
(loosening) which A cations such as Ca*+, surrounding, in a crystal lattice, the 
BXn radical anions composed of strongly polarizing central B ions and strongly 
polarized (deformed) X ions (Si^^ and 0^~, respectively, in SiOj“") exert upon the 
state of polarization of the X ions, upon their distance from the central B ion, 
and, thus, upon the strength of the B—^X bond. 

Applied to calcium orthosilicate, the above rule seemed to O'Daniel and 
Tscheischwili, Brandenberger, or Btissem, and others, to mean that the— 
presumedly—increased ‘‘contrapolarization" or expansion of the Si 04 ion at 
high temperatures would lead to a relatively more active r61e of the calcium ion 
in the crystal lattice, and to a decrease from a coordination CaOe to Ca 04 , 
somewhat similar to the change brought about by substituting for calcium the 
much smaller and stronger contrapolarizing beryllium (Be 04 in phenacite, 
Be2Si04). 

V. M. Goldschmidt had been careful to limit the rule to those cases in which 
the transformation would actually be effected by no other of several possible 
causes but an increase in contrapolarization of the BXn radical ion by the 
cation A at increasing temperature. It can be shown, however, that such cases 
must be quite rare, if not entirely lacking, and that in the examples given by 
Goldschmidt an increase in contrapolarization vntii increasing temperature does 
not occur, and therefore cannot be the cause of the polymorphous transition. 

On the contrary, it is both plausible and borne out by actual observation, 
that with increasing temperature the weakest binding (A—^X, e.g., Ca—O) in 
A«nBXn compounds (e.g., Ca 2 Si 04 ) will be further weakened to a considerable 
degree long before the stronger bonds (B—^X, e.g.. Si—O) are materially affected 
by the thermal energy. This, however, means that the contrapolarization of 
the BX« radical ion (e.g., of SiOl“) by the cation A (e.g., Ca®*^) must be expected 
to decrease with increasing temperature rather than to increase. The average 
distance between calcium and oxygen must be increased gradually and in steps 
(pol 3 rmorphou 8 transitions) until at the melting point “dissociation" into cal- 
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cium cations and SiOi anions takes place, with the Si—0 bonds still largely 
intact. It is a fallacy to ascribe the increase in the amplitude of thermal oscilla¬ 
tions almost entirely to the oxygen ions (O’Daniel and Tscheischwili) and to 
postulate a virtual decrease in the effective radius ratio Rca-Ro with increasing 
temperature. 

At a larger average distance from the center of the calcium ion, a larger num¬ 
ber of oxygen ions may be thought to be located. Thus an increase in the coor¬ 
dination around A ions may be generally expected in compounds AmBXn with 
increasing temperature. Under these circumstances, let us examine in greater 
detail the evidence upon which the older rule was based. 

Of three examples of the effect, upon the crystal structure, of a loosening of 
the B —bond by increasing temperature, the group of the alkali metal sulfates 
(K2SO4, Rb 2 S 04 , and CS2SO4) was assumed to take on phenacite structure with 
AX4 beside BX4 coordination above their transition points at 588 °, 650 °, and 
660 °C., respectively. However, the phenacite structure with an extremely im¬ 
probable KO4 coordination—Rb 04 and CSO4 would be even less plausible— 
does not occur in potassium sulfate, but what is formed is the glaserite structure 
( 4 ) with a rather high coordination around potassium, such as KOio. In addi¬ 
tion, it is even quite probable that rotation of the anion SO4 as a whole sets in 
above the transition points (6). This represents an even greater degree of 
differentiation in the relation of the oxygen atoms to the A cations as compared 
with their close and intense connection with the central, S, atom. 

In a second example, the spinel structure is said to be formed at higher tem¬ 
peratures in a group of lithium compounds (Li 2 S 04 , Li 2 BeF 4 , Li 2 Mo 04 , and 
Li 2 W 04 ) from a low-temperature phenacite-type lattice. This transformation 
does not include the dissolution, or even a pronounced expansion, of the BX4 
radical ions SO4, BeF 4 , M0O4, and WO4, but it does represent the transition 
from the lower (Li 04 ) coordination to the higher one (LiOo). A relative loosen¬ 
ing rather than a relative strengthening of the A—^X (LA —0 or Li—F) bind¬ 
ing was, then, observed here at increased temperature, quite in agreement with 
the newly proposed theory. 

The third example, the morphotropic and polymorphous relationships in the 
alkali metal nitrates and alkaline earth metal carbonates, of the general type 
ABXs, may seem without consideration of the new principle to bear out the 
old rule: ‘^Stronger contrapolarizing” A cations such as Li^ in LiNOs and Zn^"*" 
in ZnCOa seem to produce the high-temperature structures of calcite and potas¬ 
sium nitrate even at room temperature, while larger and less “contrapolarizing” 
ions, such as Sr^^ and Ba^"^ in the carbonates, and Rb+ in the nitrates, seem to 
prevent entirely the formation of the “contrapolarized” calcite structure even 
at higher temperatures. 

However, in using the old concept of an increased contrapolarization with 
increased temperature, that is, of a loosening of the B—^X bond in the radical 
ion BXa, as an explanation, it is difficult to understand why a crystal structure 
of lotver S3unmetry, such as the low-temperature aragonite form should be pro¬ 
duced by a decrease in contrapolarization, that is with undeformed, higlily sym- 



M. A. BBBDIQ 


metrical anions BXs. One may further ask why the simultaneous replacement 
of Sr*+ and in SrCOs by the less strongly ^^contrapolarizing^' Na*^ and the 
stronger center ion as in NaNOs should lead from the aragonite structure 
of SrCOs, with allegedly less ^^contrapolarized’’ BXj anion, to the calcite struc¬ 
ture of NaNOs with allegedly more strongly contrapolarized BXa anion. Actu¬ 
ally, replacement of Sr*"*" by Na*^ introduces a weaker binding A—^X, and replace¬ 
ment of by N®+ a stronger bond, B—^X, 

A more plausible explanation for the structural relationships in these nitrates 
and carbonates seems to be the following: No use is made of the assumption of 
‘‘contrapolarization” of the anion BXa. The changes—through substitution or 
temperature variation—^in the strength of the A— X binding, although necessarily 
accompanied by some minor influence upon the B—X bond, are thought to be 
the principal cause for the calcite-aragonite transformation. The relationship 
between A and X in these crystal lattices is believed to depend mainly on the 
size and polarizability of the A cation, that is, its deformation, in the negative 
field of the anion. 

The assumption of this deformation of the cation by the anion forms an in¬ 
tegral part of the Fajans theory of chemical binding (11-13). In the course 
of personal discussions with the writer, Professor Fajans suggested it as the 
specific cause for the rise of the transition temperatures in the alkali metal 
sulfates, dealt with further below. It is thought by the writer to produce the 
lower symmetry of the aragonite structure of those of the ABXa compounds, 
such as KNOa, CaCOa, SrCOa, BaCOa, and PbCOa, that contain the larger and 
therefore more easily polarized cations. In the first two of these substances, 
the influence of the deformation of the cation is overcome at elevated tempera¬ 
tures, under transformation into the higher symmetric form of calcite, while at 
least up to the present no such inversion has been reported for the other com¬ 
pounds, containing the still more readily polarizable cations strontium, barium, 
and lead. However, it seems not unlikely that at elevated temperatures, possi¬ 
bly under higher carbon dioxide pressure, the calcite structure might be formed 
even in the latter three compounds. It is interesting to note that aragonite, 
CaCOa, has been reported to be an entirely metastable form, as indicated by 
its higher solubility compared with that of calcite. Apparently the deformation 
of the still relatively rigid Ca^^ cation by the anion is slight at room tempera¬ 
ture, but might at subnormal temperatures be sufficient to make aragonite an 
actually stable form. 

The polarizability of the cation in the field of the anion must also be respon¬ 
sible for the increase in the temperature of the transition from orthorhombic to 
hexagonal structures in the alkali metal sulfates A 2 BX 4 , mentioned above 
(Na 2 S 04 , 238'^C.; K 2 SO 4 , 590°C.; Rb 2 S 04 , 650°C.; CS 2 SO 4 , 660"C.). Beyond 
sodium sulfate, in which the mutual deformation of the A and X ions is at a 
minimum, lithium sulfate has again at a higher temperature (575®C.) a transi¬ 
tion of a somewhat different nature, that is, from hexagonal (17) or monoclinic (1) 
(Li 04 ) to cubic (LiOe) (17). This special behavior of the lithium sulfate is due 
to the polarizing, or deforming, effect, in the low-temperature fonn, of the small 
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lithium cation upon the anion,—that is, to ‘‘contrapolarization,’’ if one wishes. 
Either influence, the polarization of the cation by the anion or of the anion 
by the cation, extends the temperature range of the lower-symmetric forms to 
higher temperatures, by adding a certain amount to the strength of the A— 
binding. 

The influence of the deformation of the cation A in the field of the anion may 
be illustrated by a comparison of the transitions in alkali metal sulfates and 
perchlorates. In the perchlorates, a transformation occurs from a low-tem¬ 
perature, orthorhombic crystal lattice with the coordination AO12 (except for 
NaC104, where it is NaOs (36)) into a cubic structure (34) probably containing 
rotating C1C)4 anions ( 15 )), that is, with an obviously weak A—coordination. 
Significantly, the temperature of tliis transition drops from 309°C. in NaC104, 
over 300°C. in KCIO 4 , and 279°C. in RbC104 to 219^^0. in CSCIO 4 . 

This is the behavior one must expect in crystals of an A,nBXn compound in 
wliich the A—^X binding is a comparatively very weak one, such as in these 
orthorhombic low-temperature structures with AO 12 (or AOg in NaC104) coor¬ 
dinations. If we consider these perchlorates, for instance, at an intermediate 
temperature of 285 ‘^C'., we find NaC104 to be orthorhombic with NaOg coor¬ 
dination, and KCIO4 also orthorhombic with KO 12 coordination. An increase 
in temperature in eitlier compound produces the same effect as a substitution 
of the cation A by one of larger size, such as rubidium in RbC104 or cesium 
in C'SC104. In both cases, that is, substitution or temperature increase, the 
cubic, stnicture is formed in which the coordination around A, that is, the bind¬ 
ing A—^X, is further weakened to such a degree that rotation of the CIO4 anions 
could be shown to occur at least in the cases of NaC'104 and KCIO 4 . 

In the sulfates of the alkali metals we find the reverse behavior: The tempera¬ 
ture of a transition from orthorhombic to hexagonal—the latter probably also 
characterized by rotating SO4 ions (0 )—rises from 240°(\ in to 590°C. 

in K2SO4, 650°C. in 1162804, and 660°C. in (>82804. 

A logical explanation seems to be the following: The polarization of the in¬ 
creasingly larger cations in the negative field of the BX4 anions, which produces 
orthorhombic symmetry, must be of a considerably higher order in the case of 
the 8 O 4 ions with double charges than in the case of the CIO 4 ions with single 
negative charges. The behavior of the percliloratcs is one to l)e expected when 
a minimum of polarization exists in the A—^X binding (the oxygen ions, of 
course, being strongly deformed in the field of the central ion). In the 
sulfates, on the other hand, the influence of the polarization of the A cations in 
the field of the SO 4 ions stabilizes the lower-s>Tninetric, low -temperature struc¬ 
tures up to comparatively high temperatures. To explain the antithetic be¬ 
havior of the alkali metal sulfates and pt^rchloratcs by “contrapolarization,’^ 
that is, by a loosening of the strong B—^X bonds of the BX4 ions, seems both 
impossible and unnecessary. 

The examination of the experimental evidence for the influence of increased 
‘‘contrapolarization’^ at increased temperature on the type of phenomena dis¬ 
cussed to which the transitions in calcium orthosilicatc also belong, shows, then. 
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that no Buch evidence exists, and that the loosening of the A~X binding must 
be considered responsible for the changes in cr 3 rstal structure at elevated tem¬ 
peratures to a far greater degree than the minor changes in the strength of the 
B —bond under the influence of temperature. Some degree of ‘^contra- 
polarisation^’ must naturally be present at any temperature, but preferentially 
at low ones, where under the influence of the closely approaching A cation the 
B —bond is loosened to an extent depending on the nature of the ions involved. 
No reason exists to consider the newly advanced evidence for the occurrence of 
high codrdinations such as CaOs and CaOio in the high-temperature {a!) form 
of calcium orthosilicate as being in disagreement with any evidence pointing 
to preferential formation of low coordinations around A cations in A^BXn com¬ 
pounds at elevated temperatures. 

In considering, besides calcium orthosilicate, the orthosilicates of other divalent 
metals, especially of the alkaline earth metals, it may be noted that thus far 
none seems to have been observed to occur in more than one crystal modifica¬ 
tion. This is in sharp contrast to the occurrence of four polymorphous forms 
in the calcium compound, and is of significance in more than one regard. 

Firstly, if increased “contrapolarization” were an important factor in pro¬ 
ducing polymorphous forms at elevated temperature, and if CaO* coordinations 
really occurred in any of the high-temperature fonns of Ca 2 Si 04 , it would be 
very hard to understand why a corresponding Mg 04 coordination should not 
be found in Mg 2 Si 04 , with the smaller and therefore much stronger “contra- 
polarizing” magnesium ion (radius: 0.78 cm.~*) even at a lower temperature 
than in Ca 2 Si 04 (radius of calcium ion: 1.06 cm.”^). In fact, magnesium ortho¬ 
silicate has been found to occur only in the form of forsterite, of olivine structure, 
with MgOe coordination. This stability of the MgOe coordination even at high 
temperatures makes Mg 2 Si 04 a valuable refractory material because of the 
absence of discontinuous volume changes in heating or cooling. The absence 
of polymorphism in Mg 2 Si 04 can be easily understood, if the apparent insensi¬ 
tivity of the olivine-type structure against an increase in the radius ratio RxIRq, 
as evidenced recently by the finding of the olivine structure in 7 -Ca 2 Si 04 (28) 
with the considerably larger calcium cation, is recalled. 

Secondly, the absence of pol3anorphou8 transformations in the orthosilicates 
of elements of Group II of the Periodic System other than calcium, that is, 
beryllium orthosilicate (phenacite, Be 04 coordination), magnesium orthosilicate 
(forsterite, MgOe), strontium and barium orthosilicates (jS-potassium sulfate 
structure, AOg-io coordination), to which may be added the orthosilicates of 
zinc,^ cadmium, iron (Fe^+), and manganese (Mn^^), is believed to indicate 
a general trend also to be found in other groups of compounds such as sulfates, 
nitrates, carbonates, and others (23). Polymorphous forms seem to be most 

^ Zn 2 Si 04 may actually occur not only in the phenacite structure as willemite (Zn 04 ), 
but, in addition, in a high-temperature form in which the zinc is partly in higher coordina¬ 
tion (probably ZnOs), according to experimental facts reviewed by Linwood and Weyl 
(26). Here again one finds a preferential loosening of the A—X binding at higher tempera¬ 
ture. 
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niimerous in those of the compounds A JBXn in which the cation A is of a medium 
size, and where therefore mutual polarization (deformation), of the anion by the 
A cation and of the A cation by the anion, is at a minimum (figure 2). 

The following is an attempt to understand this behavior. Besides the num¬ 
ber of atoms in the molecular formula, two other major factors determine, 
according to V. M. Goldschmidt (17), the structural type of a crystal: the rela¬ 
tive size and the deformation (polarization) of the electron shells of the ions.* 



^:Be Mg Ca Sr Ba 


Fici. 2. Frequency of polymorphism in A^BXb compounds 


In contrast to treatments by others of the theory of polymorphism, the most 
important effect of increasing temperature in a compound A,nBXn must be 
considered the loosening of the A—^X binding, which may be more or less equiva¬ 
lent to an increase in the radius ratio /2oation*/?anion (/ 2 a-^bx 4 )* To a change 

* Goldschmidt’s discussion of a deformation of a cation by an anion was limited to com¬ 
plex cations such as NH 4 ^. In compounds containing K+, Cs"^, and others, the 

loosening of the electron shell of the cation in the negative field of the anion was first 
demonstrated by K. Fajans through its effect upon the optical properties. 
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of this sort crystal structures of AmBX„ compounds seem particularly sensitive, 
because of the variety of geometric possibilities of binding BXn radical ions by 
A cations, with comparatively small variations in energy. However, where a 
sufficient degree of polarisation of either of the two types mentioned exists in 
the A — ^X binding, there will be an additional amount of energy involved beyond 
the mere electrostatic attraction of rigid spheres, and an increased resistance 
to a change with rising temperatures will be encountered. This ^1 cause the 
extension of the ranges of stability of polymorphous forms to higher tempera¬ 
tures where, owing to the greater variation in the amplitudes of thermal motion, 
the variety of possible structures compatible with such distortions is somewhat 
limited, and therefore less than at lower temperatures. The total effect of 
ionic polarization in the A—binding of either type is therefore a domination 
by low-temperature structures, due to this upward extension of their stability 
ranges and suppressipn of intermediate crystal structures. The maximum in 
the number of polymorphous forms seems to be most pronounced in those of the 
AmBXn compounds in which m is 2 or higher. The reason is probably the greater 
negative field around each A cation, which causes a greater amount of polariza¬ 
tion of the A cations of higher atomic numbers. 

In these statistics, the increased difficulty of finding polymorphous transitions 
at high temperatures may also have to be considered, as well as the possible 
influence of ion polarization upon the rate of transition at low temperatures. 

In calcium orthosilicate we find the same increase in the coordination around 
calcium with increasing temperature that we find by increasing the size of the 
A cation: Strontium and barium orthosilicatos ( 29 ) have the same structure 
as a'-Ca2Si04 ( 7 ), with the coordinations AO9 and AOio, possibly even at as low 
a temperature as room temperature, owing to the increase in ionic size from 
calcium to strontium and barium. This increase in the size of the cations pro¬ 
duces the regular increase in the coordination of the cation in the orthosilicates 
A2Si04 from 4 in Be2Si04, over 6 in Mg2Si04 and 7-Ca2Si04, to 9 and 10 in Sr2Si04 
and Ba2Si04. The coordination number 8 , then, has thus far not been observed 
in the orthosilicates. It seems most likely that it will be found in the middle- 
temperature (fi) modification of calcium orthosilicate. In that case, we would 
have a regular gradual increase with increasing temperature from CaOe in 7, 
over CaOs in jS, to Ca09 and CaOio in a', and to still higher coordination, or rota¬ 
tion of the Si04 anions, in a. 

The large volume change in the jS ^ 7 transition at 675 °C'. is indicative of a 
change in the coordination of calcium. The low density of the 7-form must be 
due to a considerable expansion of the so-called closest, pseudohexagonal pack¬ 
ing of oxygen ions assumed in the olivine, Mg2Si04 stixicture. This expansion 
must occur when instead of the snaall magnesium ions the comparatively large 
calcium ions (or the sodium ions, as in Na2BeF4, where a similar volume change 
occurs at 187 °C,) find their places in the octahedral interstices of this oxygen 
packing. Such an expanded ‘‘closest packing” arrangement must be made 
possible by a slight expansion of the Si04 (BeF4) radical ion. We, then, assume 
here “contrapolarization” to occur in A»BXn compounds such as calcium ortho- 
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silicate, but at the lower rather than at the upper end of the temperature scale of 
polymorphous forms, in contrast to the previous structural theory of the poly¬ 
morphism of such compounds. It is at low heat contents where we must assume 
the weaker cation A to approach the BX4 radical close enough to exert increased 
attraction upon the electron shell of the X ion, and to begin repulsing the B ion. 
Contrary to the assumption of Brandenberger ( 3 ), the difference in the relation 
of calcium and silicon to oxygen must, then, be somewhat smaller at low tem¬ 
peratures than at high temperatures where the independence of Si04, as thermal 
units, and of calcium cations becomes more and more pronounced. 

Above the transition point at 675 ®C. in Ca2Si04 (and at 187 ®C. in Na2BeF4), 
owing to the weakening of the A—^X (Ca —0 or Na—^F) binding and to the in¬ 
creasing A—^X distance, the deformation (^‘contrapolarization,” if one wishes) 
of the Si04 (BeF4) radical ion becomes too small to suit an olivine-type struc¬ 
ture, that is, that highly expanded, pseudohexagonal ‘‘close'’ packing of oxygen 
ions. The structure changes into one in which the calcium (sodium) ions have 
a higher coordination appropriate to the weakening of the A—^X binding. (In 
Na2BeF4 the glaserite structure is formed, possibly with rotating BeF4 ions.) 
In Ca2Si04 we obtain the / 3 -modification in which w^e expect a coordination 
around calcium of hardly less than 8. Even before the structure of the jS-form 
is actually known, it is not difficult to imagine that in it a much closer packing 
should be attained than in the so-called “closest"—in fact, how^ever, unusually 
expanded—packing of the olivine-type 7-form. 

We consider the frequency of the coordination 8 around calcium in complex 
minerals, mentioned by O'Daniel and Tscheischwili ( 28 ), as a further indication 
for the existence of this same coordination in /3-Ca2Si04. We believe that the 
crystal lattices of these complex minerals, even if they had to be considered as 
being in the equilibrium state at room temperature, could very w^ell represent 
structures stable also at higher temperatures. It seems, namely, that in complex 
substances such atomi(i arrangements frequently become stabilized at low^ tem¬ 
peratures, which in the single components are stable only at elevated tempera¬ 
tures. One example is the stabilization of the high-temperature structure of 
Na2S04 by the addition of considerable amounts of K2SO4 or Na2C03; another 
is the stabilization of the liigh-temi^erature (a) form of C-aKPOi by K2CO3, and 
so forth ( 4 ). This principle may also furnish the explanation for the occurrence 
of CaNaP04 in the structure of j 3 -potassium sulfate, doubted by O'Daniel and 
Tscheischwili ( 29 ) but demonstrated by the writer ( 4 ). Here calcium and 
sodium are actually found in AO9-10 coordinations instead of their “normal" 
AOe coordination. A general reason for the stabilization, at low^ temperatures, 
of high-temperature structures in complex substances (compounds or solid solu¬ 
tions) may be the usually greater tolerance of such high-temperature structures 
to substitution. 


IV. THE HYDRATION OF CALCIUM ORTHOSILICATE 

Following the demonstration that the ^-modification of calcium orthosilicate 
is most unlikely to contain coordinated Ca04 groups, another explanation for 



550 


M. A. BEEDIQ 


the high reactivity of this phase is needed, which takes the reverse stand, that is, 
the assumption of an increased coordination, of at least CaOs, rather than a 
decreased one. The most general explanation possible would refrain from any 
attempt to attribute this greater reactivity to any specific mechanism, and would 
just point to the higher thermodynamic potential involved in any reaction of a 
phase metastable at the reaction temperature, such as /S-Ca2Si04. However, 
if one wants to be a little more specific, one might recall that the calcium ion, at 
room temperature, has the very definite tendency to establish a shell of six 
oxygen ions around itself, as in Ca(OH) 2 . In 7 -Ca 2 Si 04 , in which it has already 
relinquished all codrdinated oxygen ions surrounding it above 675®C., in excess 
of six, no or very little tendency is left to the Ca^'^' ion to exchange partners in 
order to achieve this low and close coordination of six oxygens, normal for it at 
room temperature. With the instable coordination CaOs such a tendency to 
revert to CaOa must certainly be considerable, and the difference in the change of 
free energy may very well be suflScient to account for the activation energy of 
the hydration reaction. A calciiun ion in metastable ji 3 -Ca 2 Si 04 may be pic¬ 
tured as caught in a loose, unstable “basket,’* CaOs, the individual wall units of 
which (SiOa ions) are held together less strongly by the calcium ion in its center. 
Both the tendency to establish a coordination smaller and closer than in CaOg 
and an increased rate of an exchange for the original more loosely bound eight 
neighbors may help to explain the higher rate of hydration of the jS-modification. 

There are, however, still other possibilities: A Ca 04 coordination, such as pro¬ 
posed by O’Daniel and Tscheischwili and by Brandenberger for /8-calcium ortho¬ 
silicate, has to the writer’s knowledge never been found experimentally except 
in one case, Na 2 CaSi 04 , whose structure was believed to be that of cubic high- 
temperature cristobalite (a). Machatschki (27) pointed out that Ca^"*" could not 
possibly be considered as an isomorphous substituent for The extremely 
small Ca—0 distances given as 1,90 and 2.07 A., as against those expected of at 
least 2,30 A. (1.32 + 0.98, as an approximation), as well as an error in the stated 
coordinates of the metal ion positions in the lattice (1/2 — a, w + 1/2, w, should 
have read 1/2 — w, w, w + 1/2), indicate that a revision of this structure deter¬ 
mination is desirable. The writer expected, and found, cubic Na 2 CaSi 04 (a«, = 
7.48) to be completely isomorphous with the cubic high-temperature foim of 
NaaP 04 (a«, = 7.46,* if containing 10 per cent Na 2 C 03 ). The Na+ ion can no 
doubt even less than the Ca^"** ion be considered as a possible substituent for 
SP"*'. A comparison with cristobalite therefore does not seem appropriate at all, 
particularly if finally a coordination Na 04 as well as Ca 04 should be confirmed 
in these compounds, similar to the Ag 04 coordination in cubic Ag 3 P 04 . Not 
the high temperature of formation, but the comparatively large number— three— 
of A cations in a compound of the formula A 8 BX 4 makes the AX 4 coordination 
appear possible in any of the three substances mentioned. 

For a similar reason, the coordination Ca 04 is theoretically not impossible in 


* According to a personal communication which the writer owes to the courtesy of H. 
W. Rinn, Spectroscopy Department, The Dow Chemical Company, Midland, Michigan. 
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the A 3 BX 6 compound CasSiO^ ( 2 , 10 ), considered one of the most important and 
active constituents of Portland cement. The composition of a stabilized p- 
Ca 2 Si 04 might differ somewhat from the ideal composition Ca 2 Si 04 , owing to a 
slight excess of CaO. “Active** calcium such as a very few Ca 04 coordinations, 
interspersed in solid solution with the vast majority of CaOg coordinations, might 
be another factor to be considered as a cause for both the (meta-)stabilization, 
below 675°C., and the high reactivity of the jS-form. Addition of foreign sub¬ 
stances such as Cr 208 or BgOa or P 2 O 5 , which stabilize the /3-form (37), perhaps 
through slightly changing the Si:0 ratio of the phase in the direction of lower 
values, may, with simultaneous formation of a vitreous phase, produce an ex¬ 
cess of calcium over 2Ca:lSi and thereby a few Ca 04 coordinations. 

In still another—^more macroscopical—^view of the different reactivity of the 
/3 and 7 phases of calcium orthosilicate, their different densities might be used 
together with the possible formation, in the hydration reaction of the 7 phase, 
of a surface film inhibiting the further progress of the reaction: The difference 
in the specific volumes of the first reaction product of hydration and of the ab¬ 
normally dense /3 phase may be too large to permit formation of a coherent sur¬ 
face film, while this difference in the case of the voluminous 7 phase may be 
small enough to permit its formation. 

In a discussion of the properties, such as crystal structure, of high-temperature 
phases such as the /3-form of Ca 2 Si 04 , which they show after quenching to room 
temperature, a further word of caution may be added. It is well to remember 
that at room temperature we may perhaps not be dealing actually with the 
structure present at the elevated temperature, above the transition point. The 
only safe procedure is to obtain data, such as x-ray patterns, directly above such 
transition point. An alleged /3-form of Ca 2 Si 04 obtained by quenching from 
above 675°C. may actually have undergone an inversion different from that into 
the 7 -form, but at a temperature so close to 675®C. that no difference in transi¬ 
tion temperature could be noted. Such conditions have for instance been ob¬ 
served in calcium carbide at 450®C. (5). The writer would hesitate to exclude a 
similar state of affairs in Ca 2 Si 04 , if, for instance, a symmetry lower than ortho¬ 
rhombic (monoclinic, triclinic) were suggested for the phase presently called 
/ 8 -Ca 2 Si 04 . A phase having such low symmetry is not likely to be inserted be¬ 
tween the orthorhombic 7 and a' phases. Another, real, orthorhombic /8 phase 
might be found to exist above 675®C. In this case, the phase presently called 
/ 3 -Ca 2 Si 04 might, then, actually be a transition product, completely metastable 
at any temperature, of the true /3 phase. It may owe its particular reactivity 
to the presence of asymmetric, half-open “baskets**^ of oxygen ions in which the 
calcium ion might be trapped in an eccentric reactive position, after it had ac¬ 
tually been surrounded more symmetrically, by at least eight neighbors, in a 
true /3 structure, above 675°C., entirely unstable below that temperature and 
therefore never observed thus far. 

There is so much room for speculation about the differences in reactivity of 
/3- and 7 -Ca 2 Si 04 , because in spite of a considerable amount of work done a 

* W. BUasem proposed such a coordination for calcium in highly reactive 12CaO‘7Al208. 



552 


M. A. BBEDIO 


number of crucial questions have remained unattaoked. The need for further 
experimental work is obvious, if this difference in behavior is to be fully un¬ 
derstood. 


V. SXnilMABY 

1. The polymorphism of A«3Xn compounds is shown to be determined pri¬ 
marily by the changes in the strength of the A —X binding as a function of 
temperature. 

2. The preferential loosening of the A— X binding leads to higher codrdina- 
tions of X around A at increasing temperatures. This conclusion is readied in 
contradiction to current theory. 

3. Through application of the Fajans polarization theory of ionic binding it 
is shown that enantiotropic transition temperatures are raised through substitu¬ 
tion of the A cation, wherever the relative strength of the A—^X binding is in¬ 
creased by such substitution. Such increase in the strength of the binding is 
obtained when either the polarization of the X anion by the A cation, or that of 
the A cation by the anion, is increased by such substitution. 

4. An increase in enantiotropic transition temperatures with increased size of 
the A cation is due to the strengthening of the A—^X binding through increasing 
polarization of the A cation in the negative field of the anion (example: alkali 
metal sulfates, except lithium sulfate). 

5. A drop in enantiotropic transition temperatures with increased size of the 
A cation is encountered where the weakening of the positive field around A, 
which is due to this increase in size, overbalances the strengthening of such 
binding by the increased polarization of the A cation in the negative field of the 
anion (example: alkali metal perchlorates). 

6. The maximum in the number of polymorphous forms occurring in homolo¬ 
gous groups of AmBXn compounds is attributed to the effect of polarization in 
the A—^X binding. The drop at A cations having higher atomic numbers seems 
particularly pronounced in AJBXn compounds in which m is larger than 1, for 
instance 2, owing to the greater strength of the negative field around the A 
cations. 

7. Merwinite, thus far considered a compound (3CaO-MgO-2SiOj), is more 
likely a solid solution of MgjSiOi in the second-highest-temperature (a') form 
of calcium orthosilicate, having a potassium sulfate-type structure and CaOt 
and CaOio codrdinations. 

8. The formation, above 675°C., of the higher reactive j3-form of calcium 
orthosilicate cannot be explained by a transition from the CaO« cobrdination of 
the low-temperature (y) form to a CaOi coordination. Rather, CaOg coSrdina- 
tion is expected in the jS structure, similar to the CaO* coordination found in 
complex minerals. 

9. Several possible explanations of the higher reactivity of the /3-form of cal¬ 
cium orthosilicate are emunerated. 
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The author had a valued opportunity to consider applications of the theory of polymor¬ 
phism, expounded in this paper, to the ^'crystal chemistry” of glass during his recent asso¬ 
ciation, as a consultant, with Glass Science, Inc. 
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Considerable interest has developed in pectinic acids (colloidal polygalac- 
turonides, partly esterified with methyl alcohol) that have lower ester contents 
than those used commercially for high-solids gels. Although investigations 
concerning the preparation of such pectinic acids have been thorough and 
methods have been devloped using acid (4, 10, 15, 19, 20), alkali (17, 18), and 
eniymes (10, 22), little information is available on the effect of the catalyst 
on the properties of the products. Hills, White, and Baker (10) have reported 
that enzymatically deesterified pectins form weaker calcium gels and are more 
sensitive to precipitation by calcium than are pectinic acids deesterified by acid. 
Baker and Goodwin (5) and Hills, Mottem, Nutting, and Speiser (9) compared 
the gel-forming characteristics of several pectinic acids prepared in different 
ways. Speiser, Hills, and Eddy (25) have found that the acid behavior of 
pectinic acids prepared with acid is similar to that of pectinic acid prepared with 
tomato pectinesterase (pectase). These investigations comprise the only recent 
work in this field. 

This paper is concerned with the effect of method of deesterification on the 
viscosity behavior of pectinic acid solutions at different pH values and with 
degree of dissociation of pectinic acids of varying methoxyl contents. 

MATERIALS 

The first pectin listed in table 1 was a commercial product, which was de-ashed 
in ion-exchange columns, as previously described (21). The second was a 
commercial product that had been deesterified by acid treatment (19). De- 
ashing was accomplished by precipitating a 1 per cent aqueous solution of the 
pectinic acid in acid-alcohol so that the resulting mixture was 0.2 M with respect 
to hydrochloric acid and contained about 53 per cent ethanol. The pectinic 
acid was filtered and repeatedly suspended in about 55 per cent ethanol until 
the washings were free from chloride. Subsequent samples were purified in the 
same way. Samples No. 3 to No. 7 were prepared from commercial citrus 
pectin and were deesterified by means of ammonium hydroxide at pH 10.8 and 
16®C., following the method of McCready et aL (17). SampleNo.8 was extracted 
from sliced lemon peel. The pectin was extracted in 3 volumes of water con¬ 
taining 12 g. of hexametaphosphate per kilogram of peel for 20 min. at pH 3.5 
and 90-95T. 

^ Bureau of Agricultural and Industrial Chemistry, Agricultural Research Administra¬ 
tion, United States Department of Agriculture. 
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Samples No. 9 to No. 11 were deesterified by citrus pectinesterase acting in 
situ on lemon peel. The pH of a slurry of sliced peel dispersed in 3 volumes of 
water was adjusted to 8.5 or 9.0 and maintained there to achieve the desired 
degree of deesterification, following the procedure used previously (22). When 
the calculated quantity of alkali had been consumed, the slurry was adjusted to 
pH 3 and filtered. This treated peel was suspended in boiling water containing 
hexametaphosphate and extracted as described for sample No. 8. 

Sample No. 12 was prepared according to the method of Baier and Wilson 
(2). ^The last (No. 13) was prepared from a commercial citrus pectin, similar 
to No. 1, by the use of a citrus pectinesterase product supplied by E. F. Jansen 
of this laboratory. The reaction was performed at pH 7 in the presence of 0.2 
M sodium chloride. 


TABLE 1 


Analytical data on the pectinic acids used 


SAMPU: NO. 

SOUICE OF PEC¬ 
TINIC AOD 

METHOD OF DEJ&STEKXFICATXON 

ASH 

METHOXYL 

ANHYDSO- 1 
OALACTU- 
EONIC ACID 

EQUIVALENT 

WEIGHT 

1 . 

Citrus 


per cent 

0.2 

per cent 

10.7 

per cent 

85 

720 

2. 

Apple 

Acid 

0.2 

6.6 

86 

360 

3. 

Citrus 

Alkali 

1.3 

7.8 

86 

430 

4 ... 

Citrus 

Alkali 

1.3 

6.6 

86 

370 

6 . . 

Citrus 

Alkali 

0.4 

6.6 

86 

320 

6 

Citrus 

Alkali 

0.4 

3.5 

88 

265 

7.. . 

Citrus 

Alkali 

1.2 

0.0 

90 

195 

8. .. 

Citrus 


0.6 

10.7 

83 

760 

9 . 

Citrus 

Esterase in situ 

0.3 

7.9 

81 

480 

10. 

Citrus 

Esterase in situ 

0.4 

5.8 

81 

360 

11. 

Citrus 

Esterase in situ 

0.4 

3.6 

83 

280 

12. 

Citrus 

Esterase m situ 

0.4 

0.7 i 

82 

225 

13. 

Citrus 

Esterase in vitro 

0.2 

5.2 

87 

300 


PROCEDURE OF MEASUREMENTS 

Methoxyl content w^as determined by means of Hinton^s method (11). The 
methoxyl contents of Nos. 8,10, and 12 (table 1) were also determined by means 
of Clark’s modification (6) of the Zeisel method after the samples had been 
humidified to remove the adsorbed alcohol (14) and redried. Differences be¬ 
tween the two methods averaged less than 0.2 per cent. Contents of uronic 
acid anhydride were calculated from the equivalent weights and methoxyl 
contents. Samples Nos. 1, 2, 7, and 12 were analyzed by a modified Lefevre- 
Tollens method (16) for uronic anhydride content, with results checking within 
1 per cent of the calculated value. This agreement between results of the various 
methods eliminates the possibility that the non-galacturonide material is united 
with carboxyl groups of the galacturonide chain by frequent ester links. If the 
non-galacturonide material were attached by ester links, its molecular weight 
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would be fairly high. The analytical data are summarized in table 1. All 
values were corrected for ash content and adsorbed alcohol. 

Viscosity measurements were made in Ostwald-Cannon-Fenske pipets at 
26®C. =i: 0.05® with an electric timer measuring to 0.1 sec. Precautions noted 
earlier (21) were taken and the data are reliable to dh 0.5 per cent of the relative 
viscosity. The pectinic acid solutions were adjusted to the desired pH values 
with sodium hydroxide or hydrochloric acid. It was observed earlier (21) 
that aggregation tended to be a direct function of both the concentration and the 
intrinsic viscosity of the pectinic acid. To make this factor nearly constant 
for the samples used, it appeared desirable to perform the viscosity measurements 
at concentrations that yielded viscosities relative to water of 3 to 6. In doing 
this the pectinic acids with, the higher intrinsic viscosity values were run at the 
lower concentrations, while those with the lower values for the intrinsic vis¬ 
cosity were run at the higher concentrations. 

The equivalent-weight determinations were made by titrating 0.5 per cent 
pectinic acid solutions with standard alkali, using a Beckman pH meter. Alkali 
was added slowly to prevent localized deesterification. The inflection point 
of the titration curve is at pH 7.5. The values were corrected for titratable 
alkali present in the ash of the pectinic acid and for ammonia in samples de- 
esterified by alkali. 

The pH values for figure 4 were taken from the titration curves. The maxi¬ 
mum deviation of these values was 0.03 unit. 

RESULTS 

Figure 1 shows the viscosity~pH curves for some of the pectinic acids. There 
is a maximum in the curves in the range of pH values centering near 6, as might 
be expected from previous work (3, 21), but only the low-methoxyl pectinic 
acids exhibit minima near pH 4, resembling pectic acid in this respect. The 
methoxyl content at which the minimum becomes evident depends upon the 
catalyst used, being above 8 per cent for the enzymatically prepared pectinic 
acids and about 6 per cent for those prepared with alkali. If conditions are 
changed so that aggregation tendencies are different, the values for the methoxyl 
contents in the transition range may be altered. Increasing the concentration 
of sample No. 4 (6.6 per cent methoxyl) from 0.3 to 0.5 per cent changed the 
type of curve to that obtained with pectic acid. Higher concentrations were 
not examined completely because the results were not closely reproducible. 
Decreasing the concentration of sample No. 5 (5.6 per cent methoxyl) from 0.5 
to 0.2 per cent changed the curve from one with a minimum to one similar to 
those obtained with high-methoxyl pectinic acids as shown in figure 2. Increase 
in temperature to 50°C. also changed the type of the curve. Despite these 
changes with sample No. 5, it is apparent that the difference between the en¬ 
zymatically prepared and the alkali-prepared samples is real. The former were 
measured in the more dilute solutions, yet they showed pectic acid characteristics 
when they had higher percentages of methoxyl groups. 



DE^STERIFICATION OF PECTINIC ACID 


557 


Figure 3 indicates that pectinic acids with 6.6 per cent methoxyl content 
have similar viscosity characteristics whether prepared by acid or by nllrnlino 
methods. A comparison of results with those by Baker and Goodwin (4) shows 



Fig. 1. Effect of pH on viacosities of pectinic acid solutions. The first number inserted 
refers to the methoxyl content in per cent, the letter to the type of catalyst used (E ** 
enzyme, B « alkali, A « acid), and the second number to the concentration in weight per 
cent. 

that the transition for pectinic acids deesterified by acid also occurs at a methoxyl 
content near 6 per cent. Similarity between the viscosity characteristics of 
pectinic acids deesterified by citrus pectinesterase in vitro and in situ is also 
shown. 
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Tlw appareat ionization constant d pectinic acids decreases with pfi (7, 28) 
and increases with concentration (7, 12, 21, 23, 25, 26) and methoxyl contoit 
(7,25). That it is also influenced by the method of deSsterification is illustrated 



Fig. 2 . Influence of temperature and concentration on the pH-viacosity curves of pec¬ 
tinic acid sample No. 6 (5.6 per cent methoxyl). 

in flgure 4, where the pH at half-neutralization is plotted against the roetho^^l 
content of various pectinic acids. 

The esterase appears to produce acids of similar dissociation characteristics 
whether it acts in vitro or in situ. It is significant that the ehzymatically pre¬ 
pared pectinic acids are weaker acids and resemble pectic acid more closely than 
those prepared by alkali. 
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Fig. 3. Comparison of effect of method of de^terification on the pH-viscosity curves of 
some pectinic acids. 



Fig. 4. pH at half-neutralization vs. methoxyl content 
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DISCUSSION 

The viscosity-pH curves for pectin solutions follow the curve usually obtained 
with proteins and many similar colloidal electrolytes in the anionic form. An 
hypothesis to explain the increase in viscosity as the pectinic acid is neutralized 
was offered in a previous paper (21). 

The change from the type of curve which is characteristic of high-methoxyl 
pectinic acids to that characteristic of low-methoxyl pectinic acids is not 
unexpected. Pectinic acids are carboxylic acids and probably undergo hydrogen 
bonding in the same way that similar weak acids do. Increasing the proportion 
of free carboxyl groups by removing methyl ester groups increases the probability 
of hydrogen bonding between chains and the formation of the type of aggregate 
which increases the viscosity at pH values below 4. These aggregates are readily 
dispersed by small increases in temperature and by dilution, thus indicating 
the weak type of forces w^hich hold them together. 

The decrease in viscosity of some solutions of low-methoxyl pectinic acids, 
which has been observed at pH values below 2 (4, 25), may result from the effect 
of the added anion. Perhaps the added anion interferes with bonding between 
pectinic acid molecules, thus reducing aggregation and viscosity. 

The observation that at the same methoxyl content enzymatically deesterified 
pectinic acids act more like pectic acid is interesting. Possibly the enzyme 
proceeds along the galacturonide chain, splitting off successive methoxyl groups, 
producing characteristics of pectic acid.^ Such a progressive reaction would 
increase the heterogeneity of the pectinic acid sample by removing all of the 
ester groups from some portions of the chains while leaving others practically 
untouched. Electrophoretic data obtained at this laboratory show that the 
distribution of pectinic acids having different methoxyl contents is greater with 
the enzymatically prepared samples than with those prepared with alkali. 
Hills et al. (9) obtained similar information with their acid- and enzyme-prepared 
pectinic acids. Whenever the pectic acid-like parts of the galacturonide chains 
are adjacent, at low pH values, hydrogen bonding could cause aggregation of a 
type that would increase viscosity. 

The other catalysts, acid or alkali, act in a more random manner, requiring 
that the proportion of free carboxyl groups be much greater before a significant 
number of galacturonide chains develop characteristics of pectic acid. 

Many of the difficulties involved in the interpretation of the acid-dissociation 
behavior of pectinic acids are apparent (7, 8, 25). Ionization of pectinic acid 
involves the formation of a new electrostatic field and a proton shift. In addition, 
carboxyl groups on the same chain may be as close as 4 to 5 A., making interaction 
between them possible. An insight into the acid behavior may be gained by 
following the suggestion of Deuel (7) that the electrokinetic potential plays an 
important r61e. It may be assumed that pectinic acids act like proteins on the 
alkaline side of their isoelectric points. Thus it would be expected that an 

s Jansen and McDonnell (13) obtained evidence from work with various pectinic acids 
and enzymes that the esterase removes ester groups in a progressive manner. 
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increase in the number of free carboxyl groups by deesterification would increase 
the electrokinetic potential (1). Preliminary measurements of electrophoretic 
mobility have shown that this assumption is valid. Such an increase would 
cause the hydrogen ion to be attracted to the molecule more strongly, and a de¬ 
crease in the ionization of the solute would be obtained. As shown in figure 4 
and mentioned in the results, the data on the dissociation of pectinic acids agree 
with this hypothesis. 

The lower degree of dissociation of pectinic acid deesterified with citrus pec- 
tinesterase can be explained on that basis. Those portions of the galacturonide 
chains freed of ester groups offer a high concentration of carboxyl groups which 
would attract hydrogen ions more strongly than if the carboxyl groups were 
randomly situated; thus these acids are weaker than the corresponding ones 
deesterified with alkali. 

Speiser and coworkers (25) did not observe this difference when they used 
tomato enzymes or acid as catalysts. High-methoxyl pectinic acids from apples, 
which they used, are stronger pectinic acids than those from citrus fruits (23), 
thus indicating, according to the hypothesis presented, that the free carboxyl 
groups are more randomly distributed in the acids from apples. The randomness 
may influence the action of the enzymes (13) so that no effect of the method of 
deesterification is apparent. Another possibility depends upon the fact that 
tomato extracts contain a polygalacturonase as well as an esterase. Jansen 
and MacDonnell (13) have found that polygalacturonase acts on ester-free 
portions of the galacturonide chains. Therefore when a mixture of enzymes is 
used, the portion of the chain that is freed of ester groups by the action of the 
esterase would be susceptible to action of the glycosidase. Splitting the chain 
at the part stripped of ester groups would result in fragments less characteristic of 
pectic acid, because the high concentration of carboxyl groups in a single part 
of the molecule would be reduced. This explanation cannot account entirely 
for the difference between the observations of Speiser et aL and those presented 
here, because the number average molecular weight did not decrease markedly 
in their experiments (24). 

The low elastic limit of calcium gels prepared from esterase-demethoxylated 
pectinic acids (10, 23) may be explained, in part, by the tendency of the enzyme 
to liberate a series of adjoining carboxyl groups. There is a wide distribution 
of methoxyl contents among the pectinic acid molecules, as shown by electro¬ 
phoretic mobilities and by fractionation experiments under way in this laboratory. 
Where pectic acid portions are adjacent, the calcium ion forms cross links, but 
when they are not adjoining such cross-linking does not occur. As a result the 
gel stmeture is not uniform and it shears even when weak forces are applied. 
When the other catalysts are used, the calcium ion is distributed randomly 
throughout the gel and the supplementary action of the electrovalent and 
hydrogen-bond forces yields a coherent structure (9). Possibly the enzymati¬ 
cally prepared product can be improved by the use of a greater concentration of 
enzyme in an attempt to obtain a narrower distribution of pectinic acids around 
the average methoxyl content. The characteristics of gels prepared from 
such products and some similar to those used in this study are being investigated. 
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SUMMARY 

The viscosity-pH curves for high-methoxyl pectinic acids exhibit maxima 
near pH 6, while the low-methoxyl acids exhibit maxima near pH 6 and minima 
near pH 4. 

Under the conditions used, the transition from characteristics of high-methoxyl 
to those of low-methoxyl pectinic acids occurs at a methoxyl content above 8 
per cent for esterase-deesterified pectinic acids and near 6 per cent for those 
deesterified by acid or alkali. 

Pectinic acids deSsterified by citrus pectinesterase are weaker than pectinic 
acids of the same methoxyl content prepared with alkali. 

An hypothesis based on evidence that the esterase deesterifies portions of the 
galacturonide chain, while acid or alkali acts in a random manner, is proposed 
to explain the differences observed in behavior. 

The authors express their thanks to H. Swenson and R. M. McCready for the 
uronic acid analyses. 
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KINETICS OF DEfiSTERIFICATION OF PECTIN* 

R. SPEISER, C. R. EDDY, and C. H. HILLS 
Eastern Regional Research Laboratory^, Philadelphia 18, Pennsylvania 
Received June 29, 1946 

The kinetics of deesterification of pectin has assumed practical and scientific 
importance with the growth of interest in pectins of low degree of esterification. 
Data on rates make possible the selection of industrial operating conditions for 
lowest cost and highest quality of product. Activation energies derivable from 
rate data also throw light on unanswered questions concerning the structure of 
pectin. 

Pectin is a complex polysaccharidic material and in any chemical process may 
undergo several reactions simultaneously. Demethylation of pectin may be ac¬ 
companied by chain degradation, removal of ballast,® oxidation, and opening of 
pyranose or furanose rings. In this paper, kinetics of demethylation by acid 
catalysis and by tomato pectase is described, and a method for determining the 
rate of ballast removal is discussed. In a subsequent paper, degradation of 
pectin will be considered fully. ICinetics of demethylation by alkaline catalysis 
and by citrus pectase has already been described by others (21, 22, 29). 

The extent of the deesterification reaction can, in general, be followed by meas¬ 
uring either the loss in methyl ester or the gain in free carboxyl groups. In acid 
deesterification, direct titration with alkali of the liberated carboxyls in the reac¬ 
tion mixture is not feasible, because the change in the number of carboxyls is 
only an extremely small fraction of the total titratable acidity of the mixture. 
Direct Zeisel determination of the methyl ester content of the reaction mixture 
is also not possible because of interference from the liberated methanol. Hence 
the pectin must be precipitated from the reaction mixture and washed free of acid 
and methanol before analytical determinations can be made. 

* Presented at the meeting of the Division of Physical Chemistry, Philadelphia Section, 
American Chemical Society, held in Philadelphia, Pennsylvania, June 13, 1946. 

*One of the laboratories of the Bureau of Agricultural and Industrial Chemistry, Agri¬ 
cultural Research Administration, United States Department of Agriculture. 

• For the purposes of this paper, the word ballast will be defined as any non-uronide or¬ 
ganic material in a sample of pectin whether or not attached to the polygalacturonide chain, 
in general agreement with Olsen (28) and Schneider (31). 
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Since some of the ballast material is lost during the washing process, the car¬ 
boxyl and methyl ester contents of the precipitated and waj^ed samples bear 
no simple relation to the concentrations of carboxyl and methyl ester in the 
reaction mixture. However, it can be shown that the degree of esterification 
(14) is proportional to the concentration of methyl ester in the reaction mixture 
and is independent of the quantity of ballast or other inert substance present. 
For these reasons, the degree of esterification was used in this work for following 
the extent of the demethylation reaction. 

The amount of ballast associated with a given weight of polygalacturonide in 
a sample purified by washing is always less than that associated with the same 
weight of poljrgalacturonide before removal from the reaction mixture. How¬ 
ever, if the removal of ballast follows a first-order law, and if each sample is 
purified xmder such conditions that the same fraction of the contained ballast is 
washed out, then it can be shown that the rate constant calculated from the 
ballast content of the purified samples will be equal to the rate constant that 
would have been obtained if the ballast content of the reaction mixtures could 
have been determined directly. Hence in this investigation the washing pro¬ 
cedure was standardized, and the ballast content of the purified samples was 
used for following the extent of the ballast-removal reaction. By similar reason¬ 
ing it can be seen that ballast lost in the purification of the original raw material 
will not affect the rate constants, provided the same batch of purified raw mate¬ 
rial is used for all the experiments of a given series. Because of small uncon¬ 
trollable variations in the amount of ballast removed by washing, the data on 
ballast removal will of course have a higher probable error than that for the 
demethylation reaction. 

EXPERIMENTAL 

Preparation of starting maierials 

For one series of de^terifications (H84, H85, H86, H87, H88, H89, H91) 
pectin was extracted from a good grade of commercial apple pomace and purified 
by several precipitations from water solution with alcohol, in order to remove 
electrolytes and organic material of low molecular weight. The final precipi¬ 
tates were washed several times with 70 per cent alcohol, and about 80 per cent 
of the liquid was pressed out. The moist precipitates were used as starting 
materials for the deesterifications. For another series (H103, H106) commercial 
200-grade apple pectin^ was used without further purification. The pectins 
prepared by these methods and used as starting materials for the various de- 
gsterifications were all approximately 200-grade and analyzed in the following 
ranges: polygalacturonide content, 66-78 per cent; methoxyl, 7.5-9.4 per cent; 
degree of esterification, 0.63-0.80; ash content, 0.25-1.5 per cent; ash alkalinity, 
0.027-0.44 milliequivalent per gram of pectin. 

Add deesterification 

Acid-catalyzed deSsterifications were carried out at temperatures from 30® to 
60®C., at hydrochloric acid concentrations from 0.1 to 1.0 N, and at pectin con- 

^ Kindly furnished by Speas Company, Kansas City, Missouri. 
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centrations from 0.5 to 2.5 per cent. Pectin purified as above was dissolved in 
water and diluted to the desired concentration. The solution was placed in a 
constant-temperature bath (regulated to ±0.1®C.) and allowed to come to the 
reaction temperature before final adjustment of volume. An amount of con¬ 
centrated hydrochloric acid calculated to give the desired normality was added 
to the solution, and time was counted from this moment. The solution was 
vigorously stirred at all times. Portions of the reaction mixture were removed 
at intervals, immediately precipitated with twice the volume of 80 per cent 
alcohol, and strongly stirred to break up the lumps of gel that were formed. 
The precipitate was filtered and washed with 80 per cent alcohol until the fil¬ 
trate showed no turbidity with silver nitrate. A uniform washing procedure 
was used in all cases, so that the amounts of easily removable ballast washed out 
would be comparable.. The samples were then washed with absolute alcohol, 
pressed, dried for 1 day at room temperature, and then dried for 1 or 2 days at 
60°C. in a mechanical convection oven. Finally, the dried samples were ground 
to pass a 40-mesh screen and analyzed for ash content, alkalinity of the ash, 
carboxyl content, and methyl ester content. 

Enzyme deesi^rification 

Enzyme-catalyzed deesterifications were carried out at temperatures from 30° 
to 50°C. and at a pectin concentration of 1.2 per cent. The proc^edure was 
similar to that described above, except that tomato pectase was used as catalyst 
instead of hydrochloric acid and that a pH of 6.00 dz 0.05 was maintained by 
continuous addition of 2 N sodium hydroxide with rapid stirring. Because of 
the speed of the enzyme-catalyzed reaction, a fresh reaction mixture was made 
up for each sample, and the reaction was stopped at the desired time by quickly 
lowering the pH of the whole solution to 3.0 with hydrochloric acid, at which pH 
the enzyme is inactive. Finally, the enzyme was destroyed by heating the 
solution to 65°C. for 20 min., after which the product was purified in the same 
manner as the acid-deestcrified samples. 

Preparation of the enzyme catalyst 

Firm, ripe tomatoes were ground to a pulp, the pH adjusted to 6.0 (37), and 
the juice expressed from the pulp. Suspended material and pigment were re¬ 
moved by decantation and filtration. The clear, yellow solution containing the 
pectase was stored at 0°C. under a layer of xylene as a preservative. In the 
deesterifications, 44 ml. of this preparation was used for each liter of 1.2 per cent 
pectin solution. 

Figures 1 and 2 show the variation of the activity of this enzyme preparation 
with pH and temperature, as determined by a method to be described in another 
paper (12). The relation of the enzyme activity, at the pH used for deesteri¬ 
fication, to the maximum activity of the enzyme can be seen from figure 1. From 
figure 2 it can be seen that all the de^sterifications were run at temperatures 
below that at which significant denaturation of the enzyme occurs. 
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Analytical meihodc 

The methyl ester content was determined by a Zeisel procedure, modified by 
Clark (4), upon samples treated with water vapor at low pressure to remove ad¬ 
sorbed alcohol (13, 17). The carboxyl content was determined by titration 
with sodium hydroxide to pH 7.6 (35). Ash content was determined by ignition 



Fig. 1. Activity of tomato peotase as a function of pH. Temperature, 30®C.; total ionic 
strength, 0.06. 



Fig. 2. Activity of tomato pectase as a function of temperature. pH, 6.5; time of re* 
action, 10 min.; total ionic strength, 0.06. 

to constant weight at 600*^0. The weights of all samples were corrected for the 
percentage of ash, and all carboxyl contents were corrected for the alkalinity of 
the ash. 


Cakulatiom 


The degree of esterification (14) was calculated from its defining equation: 


COOCH3 
COOH, + COOH 


(1) 
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where COOCH3 and COOH are the methyl ester and carboxyl contents, re¬ 
spectively, in moles per gram of the solid sample.® 

The weight per cent of polygalacturonide was calculated by the expression 

%P = 100(176.12 X COOH + 190.15 X COOCH3) (2) 

and the weight per cent of ballast material by the expression 

%B = 100 - %P (3) 

as described by Hills and Speiser (14). 

In acid deesterification, the hydrogen-ion and water concentrations were 
sufficiently high to be unaffected by the production of carboxyl groups during 
the reaction. . Also, because of the low concentration of the pectin, the concen¬ 
tration of the hydrolysis product, methanol, was always low enough for the 
reverse reaction to be neglected. Therefore, changes in the rate of demethyla- 
tion were due solely to changes in the methyl ester concentration, and a pseudo 
first-order law could be assumed to describe the rate. To insure that these 
assumptions were applicable, rate calculations were confined to the early part of 
the reaction, where log X was a linear function of time. For acid deesterifica¬ 
tion this linearity extended down to a degree of esterification of approximately 
50 per cent. 

The rate constant, fc, was determined from the slope of log X versus time by the 
method of weighted least squares, using the statistical methods of Birge (1). 
Several Zeisel values were determined for each sample, and an individual value of 
log X was calculated for each Zeisel value. In this calculation, a single average 
value of carboxyl content was used for each sample, because the determination 
of carboxyl is considerably more precise than the determination of methyl ester. 
The several values of log X for each sample were averaged, and the average was 
weighted according to the spread of the individual values, using the formulae of 
Birge. The probable error of h was also calculated by the method of Birge. 
The Arrhenius activation energy, and its probable error were calculated from 
the slope of log k versus l/T by the least squares procedure described above. 
The data for ballast removal were hondled similarly. 

In enzjTne deesterification, calculations were made according to both the 
zero-order and first-order equations. Linearity of both X and log X versus time 
extended down to a degree of esterification of approximately 30 per cent. Other¬ 
wise, the tabulation of enzyme data was performed in the same manner as for 
acid de^terification. 


RESULTS 

Figures 3 and 4 show the variation of degree of esterification and ballast con¬ 
tent with time for a typical acid-catalyzed demethylation and a typical enzyme- 
catalyzed demethylation. The same starting material was used in both cases. 
It can be seen that in acid deesterification, ballast is lost at a rate comparable to 

* In the acid behavior of pectin, r =« 1 — X is the significant quantity (35). 
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that of demethylation, whereas in enz}ine dedsterification the rate of ballast 
imoval is much less than that of demethylation. figure 3 also shows that the 
ballast content is still decreasing at an appreciable rate after 144 hr., alihou^ it 
has fallen to 6.14 per cent. In other expeiim^ts continued for longer periods 
of time (14), ballast contents have been obtained as low as 0.9 per cent, a value 
which is equal to zero within the experimental error and corresponds to a pectic 
acid of 100 per cent polygalacturonide. 



Fig. 3. Acid deesterification of pectin sample H84. Temperature, 50®C.; pectin con¬ 
centration, 1.3 per cent. O •= degree of esterification; A « ballast content. 



Fig. 4. Enzyme deesterification of pectin sample H87. Temperature, StTC.; pectin 
concentration, 1.2 per cent. O ** degree of esterification; A =* ballast content. 

In figure 6 are plotted the logarithms of degree of esterification and of ballast 
content verstis time for the same acid-deesterified samples illustrated in figure 3. 
The demethylation curve is linear for degree of esterification greater than about 
0.6 (log X = 0 to —0.3), showing that the rate of demethylation is first order with 
respect to concentration of methyl ester. This means that the over-all reaction 
is pseudo first order, with concentrations of water and catalyst substantially 
constant. From the linear portions of this curve and similar curves for other 
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series of samples, pseudo first-order rate constants were calculated and are listed 
in table 1. 



Fig. 5. Acid decsterification of pectin sample H84. Temperature, 50°C.; pectin concen¬ 
tration, 1.3 per cent. O logarithm of degree of esterification; A = logarithm of bal¬ 
last content. 


TABLE 1 


Rate constants for deniethylation of pectin as a function of temperature 
Acid-catalyzed, pseudo first order; pectin concentration, 1.3 per cent; HCl, 0.87 N 


n-.MPERATURE 

SERIES 

k X 10* 

“C. 



30 

H86 

0.316 ± 0.044 

40 

1191 

1.039 ± 0.15 

50 

H84 

2.543 ± 0.36 

60 

1185 

4.201 ± 0.59 

Enzyme-catalyzed, pseudo zero order; pectin concentration, 1.2 per cent; pH, 6.00 

TEMPER\TURK 

SERIES 

k X 10* 

*C. 


secr^ 

• 30 

H89 

2.85 ±0.10 

40 

H88 

3.88 ±0.04 

50 

H87 

5.18 ±0.23 


Enzyme-catalyzed, pseudo first order; pectin concentration, 1.2 per cent; pH,6.00 


TEMPERATURE 

SERIES 

X 10* 

•c. 1 


scer^ 

30 

1189 

5.75 ± 0.23 

40 

H88 

8.55 ±0.11 

50 

H87 

12.15 ±0.56 


The logarithms of these rate constants are plotted against the reciprocal of 
the absolute temperature in figure 6, and the activation energy for this series 







670 


K. BPBISIBB, C. R. EiRDT Ain> C. H. BIIXS 


was calculated to be 17,400 ± 1300 cal. The sli^t curvature of the pdmte is 
within the experimental error. 

In figure 7 are plotted the logarithms of degree of esterification and ballast 
content verms time for the same euzyme-deSsterified samples illustrated in figure 
4. Both the degree of esterification and its logarithm appear to be linear func¬ 
tions of time for X greater than about 0.3 (log X = 0 to -0.6). Thus the probable 
error of our points is such that the data fit both the zero and the first orders 



Fig. 6. Rate of acid demethylation of pectin as a function of temperature 



Fig. 7. Enzyme de^sterification of pectin sample H87. Temperature, 60®C.; pectin 
concentration, 1.2 per cent. O •* logarithm of degree of esterification; A •* logarithm 
of ballast content. 

equally well. From the linear portions of these curves and of similar curves for 
other enzyme de^sterifications, rate constants were calculated according to both 
orders and are listed in table 1. 

Logarithms of these two sets of rate constants are plotted against the reciprocal 
of the absolute temperature in figure 8. Activation energies calculated from 
these data are 5790 ± 620 cal., if a pseudo zero order is assumed, and 7310 dt 
690 cal. if a pseudo first order is assumed. In both cases the activation energy 
is constant over an interval of 20®. 
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The loss in ballast during enzyme demethylation is so slight that an analysis 
was not made of the enzyme ballast data; however, acid-catalyzed de^terifica- 
tion removes ballast fast enough to warrant quantitative treatment. From 
figure 5 it can be seen that the logarithmic curve for ballast removal is substanti¬ 
ally linear over approximately the same range as the demethylation curve. The 
poorer fit of the ballast points is due to the method of calculating ballast content 
by difference and to the uncontrollable variations in the amount of loose ballast 



Fig. 8. Rate of enzyme demethylation of pectin as a function of temperature. O * 
logarithm of first-order rate constant; A * logarithm of zero-order rate constant + 0.3622. 



Fig. 9. Rate of ballast removal during acid deesterification, as a function of temperature 

washed out in the purification process. The initial linearity of the logarithmic 
curve shows that ballast was removed as a chemical reaction obeying a first-order 
law. From the linear portion of this curve and from similar ballast curves, for 
the same series of samples and temperatures used in the demethylation experi¬ 
ments, rate constants were calculated and are shown in figure 9. From these 
values, the activation energy was calculated according to the method of least 
squares and was found to be 18,500 =fc 4000 cal. Ballast not chemically at¬ 
tached to the galacturonide chain does not affect this calculation because of the 
standardized washing procedure used. 
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Table 2 lists pseudo first-order rate constants for acid demethylation of pectin 
at a fixed temperature for varying concentrations of pectin and of hydrochloric 
acid. The data for H103, H106E, and H106F show that the velocity constant 
is independent of the concentration of pectin, since each of the three rate con¬ 
stants differs from the weighted average by less than the experimental error. 
This is further evidence that the reaction is first order with respect to methyl 
ester concentration. 

The data for varying acid concentrations are shown in figure 10. These rate 
constants fall on a straight line that passes through the origin, which shows that 

TABLE 2 


Pseudo first-order rate constants for acid demethylation of pectin as a function of pectin 
concentration and acid normality 
(Temperature, 40®C.) 


SESIES 

CONCENTRATION 

OF PECTIN 

CONCENTRATION 

OF ACIO 

ife X io« 


per cent 

N 

secr^ 

m06D. 

2.6 

0.1 

0.963 ± 0.084 

H106C. 

2,5 

0.2 

1.655 db 0.156 

H106B. 

2.5 

0.3 

2.67 ±0.33 

H103. 

2.5 

0.6 

6.36 ±1.12 

H106E. 

1.5 

0.6 

5.62 ±0.34 

H106F. 

0.6 

0.6 

6.25 ±0.50 

H106A. 

i 2.5 

1.0 

9.86 ±0.34 

Weighted average of H103, H106E, H106F.. 

0.6 j 

5.85 ±0.28 


the reaction is also first order with respect to acid concentration. This line 
was found, by least squares calculation, to follow the equation: 

k = (9.62 ± 0.24) X 10~® (H+) at 40"C. (4) 

Using this value of k and 17,400 cal. for the activation energy, we have derived 
an empirical equation giving the rate of acid demethylation of pectin as a func¬ 
tion of temperature and acid concentration: 

- = (COOCH,)(H+) X 1.36 X lO' exp (5) 

This should be useful in industrial practice, although it should be mentioned that, 
at high acid concentrations, temperatures above 70°C. may produce serious de¬ 
gradation of the pectin chain. 


DISCUSSION 

Acid deesterification 

Our value for the activation energy for acid demethylation of pectin, 17,400 
db 1300 cal., is in good agreement with values appearing in the literature for 
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esters of low molecular weight, such as 17,100 cal. for methyl abetate (10) and 
16,100 to 16,500 cal. for ethyl esters of normal fatty acids from acetate to 
capiylate (6, 34). 

We found that at all temperatures the plots of log X versus time began to deviate 
from linearity at a degree of esterification of approximately 0.5. An explanation 



Fig. 10. Rate of acid demethyl at ion of pectin as a function of acid concentration. Tem¬ 
perature, 40°C. 



Fic. 11. Viscosity of partially deesterified pectins relative to viscosity at pH 6.0. Con 
centration, 0.6 per cent in aqueous solution; temperature, 30°C. O = sample H84C: de 
gree of esterification, 0.577; ash content, 0.16 per cent. A =* sample H84D: degree o 
esterification, 0.317; ash content, 0.18 per cent, 

for this phenomenon can be obtained from figure 11. In this figure, the viscosity 
of sample H84(^ (the last point on the linear portion of figure 5) is compared with 
the viscosity of sample H84D (the first point of figure 5 that deviated from 
linearity). The striking difference in viscosity behavior as a function of pH is 
typical of the difference between a pectin which will not gel in acid solution in 
the absence of sugar and a pectin which will. The same behavior is reflected in 
the formation of calcium pectinate jellies (14), where a rather sharp dividing line 
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occurs at X Bs §,5 between pectins which will form low-sugar calcium pectinate 
gels and those which will not. 

This difference in the gelling behavior of samples H84C and H84D suggests 
that incipient gel formation in the reaction mixture is the cause of the departure 
from linearity of the logarithmic demethylation curves. 

The deesterification of a polymethyl ester such as pectin can take place in one 
of two ways: (1) All the ester groups are attacked at the same rate, independent 
of the condition of esterification of nearby groups; or (£) the removal of a given 
methyl group is influenced by the condition of esterification of adjacent parts of 
the chain. These two types can usually be distinguished by a simple rate analy¬ 
sis, as it can readily be sho^^m that Case 1 follows a pseudo first-order law, whereas 
Case 2 should have a more complex behavior. 

The stage in the hydrolysis of a pectin molecule containing s main-chain 
residues can be s 3 nmbolized as 

( 6 ) 

where A refers to acid groups and M to methyl ester groups. The rate of loss 
of methyl groups for this stage of hydrolysis is 

dCCOOCHa) , /A AT ^ 

- - - == kniAn^i ( 7 ) 

If Case 1 applies, such that each of the (s — n + 1) methyl ester groups hy¬ 
drolyzes independently and at the same rate v , then 

kn = { s-n + l)v (8) 

and it follows that the observed over-all rate of hydrolysis, due to all stages com¬ 
bined, will be 

- 2 i: (« - n + l)(A„-jM.-,+0 (9) 

Ur n-l n«l 

But the total concentration of methyl ester groups in the system is 

(COOCH.) = 2 (s - n + l)(An-iM.-„+,) (10) 

n—1 

Therefore 


- ^ ^(cooCHa) (11) 

clc 

which is identical with the equation for a first-order reaction. A similarresult 
can be obtained from the equations of Ingold (16) (assuming all equal) and has 
also been derived for the special case of dicarboxylic esters by Wegscheider (36). 

We have found that acid deesterification of pectin obeys a pseudo first-order 
law and fits the Arrhenius equation well, which suggests that the hydrolysis of a 
given methyl ester group is independent of the condition of the rest of the mole- 
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cule (Case 1). This is in contrast to the acidic dissociation of pectinic acid, which 
was found (36) not to be independent of the de^ee of dissociation of the rest of 
the chain. In this respect the macromolecule, pectin, shows the same behavior 
as low-molecular-weight esters and acids. Many esters of dibasic acids are 
hydrolyzed according to the assumptions of Case 1, since ki/k 2 is experimentally 
found (23) to be equal to 2, as required by equation 8. This is in contrast to 
the wide difference in order of magnitude usually observed between the first 
and second acid dissociation constants of dibasic acids, instead of the simple 
4 to 1 ratio expected from independent ionization (see equation 5 of reference 
36). For example, Meyer (23) found ki/k^ = 1.98 (theoretical 2.00) for the 
hydrolysis of dimethyl succinate, whereas Gane and Ingold (8) found KijKz = 
16.4 (theoretical 4.0) for the dissociation of succinic acid. 

A possible explanation for this difference in behavior can be found in the 
mechanism proposed by Datta, Day, and Ingold (5) for the hydrolysis of esters. 
The rate-determining step of their mechanism involves no net change in the 
number of electrical charges, whereas acidic dissociation and recombination 
produce and destroy charges. It should therefore not be necessary to do electro¬ 
static work on the surrounding ionic atmosphere in ester hydrolysis, and the 
influence of dipoles in nearby molecules or in adjacent parts of the same molecule 
should have less effect on hydrolytic reactions than on electrolytic dissociations. 
A similar point of view has been put forward by Bronsted (2) and (ihecked ex¬ 
perimentally for ester hydrolysis by Dawson and Lowson (7). \N'ho found that 
the rate of hydrolysis of ethyl acetate is proportional to the concentration of 
hydrochloric acid rather than to its thermodyamic activity. For pectin, we 
also find that the rate of deesterification is proportional to hydrochloric acid 
concentration, as shown in figure 10, although our experimental error is too great 
to decide definitely between concentration and activity. Therefore, it is ap¬ 
parent from the above discussion that pectin hydrolysis follows Case 1, whereas 
its acidic dissociation folloAVs Case 2. 

Enzyme deesterification 

The values 5790 zh 520 cal. and 7310 =b 590 cal. for the activation energy of 
demethylation of apple pectin by tomato pectase may be compared with 6000 
cal. found by Owens, McCready, and Maclay (29) for demethylation of citias 
pectin by citrus {)ectase in sihi. Both are also comparable to activation energies 
found for several other esterases acting on diverse substrates, such as 7600 and 
8500 cal. for pancreatic lipase (33, 32) and 5700 cal. for grasshopper esterase (3). 

Under the conditions Uvsed in this set of experiments, enzymic deesterification 
fits either the pseudo zero-order law or the pseudo first-order law equally well. 
Other experiments by Hills and Mottem (12) suggest that tomato pectase fol¬ 
lows the zero-order law better than the first-order law. On the other hand, 
Kertesz (19) found that tobacco pectase obej’^ed the first-order law up to 60 per 
cent of reaction. This point is not definitely settled and will be considered in 
more detail in a later paper (12). 

Preliminary calculations applying the Michaelis~]\Ienten theoiy (24) to other 
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unpublished data on tomato pectase indicate that the substrate cmicentrations 
used in experiments H87, H88, H89 fall in the intermediate range where it cannot 
be predicted from the theory which of the two orders of reaction should apply. 
There is also some question whether the Michaelis-Menten equaticms in their 
present form should be applied to a high polymeric system such as pectin, where 
several groups in the same molecule may be reacting simultaneously. For these 
reasons, we are including calculations according to both orders. 

Since the data follow regular reaction-rate laws up to 50 per cent of reaction 
and fit the Arrhenius equation well, enz 3 nnic deesterification appears to follow 
Case 1 along with acid deesterification. However, electrophoretic data and gel 
strengths (to be reported in a later paper) indicate that, unlike acid de^sterifica- 
tion, the methyl ester groups are not attacked at random. Likewise, Kertesz 
(18) found that molecular size may be an important factor in enzyme defisteri- 
fication of pectin, and Lineweaver, Jansen, Owens, et al. (20) have suggested 
that the action of pectase is more selective than alkaline hydrolysis. This 
suggests that, although the selection of a methyl group for enz 3 anic removal de¬ 
pends on the condition of the neighboring parts of the chain, the rate of enzymic 
removal of a methyl group is not dependent on the nearby parts of the molecule. 
Differences in mechanism between acid and enzyme deesterification are not 
surprising in the light of the highly specialized character of enzyme catalysis. 

Ballast removal 

Hirst and Jones (15) concluded that the ballast material in pectin is not joined 
to the main polygalacturonide chain by covalent chemical bonds but is merely 
loosely associated by secondary valences, in general agreement with Schneider 
and Bock (31). On the other hand, Norris and Resell (27) were of the opinion 
that a part of the non-galacturonide material may be attached to the main chain 
by primary bonds, for they have stated, .. it is probable that the usual sample 
of pectin consists of a central nucleus of galacturonic acid units to which arabinose 
and galactose units may be chemically attached. ... In addition to this there 
must be varying amounts of araban and galactan or arabogalactan w hich are 
held to the main nucleus by physical forces” (27). 

Re-analysis by us of the data of Hirst and Jones (15) does not confirm their 
conclusion that only loose association forces are involved. Although they found 
that a portion of the ballast was easily w-ashed out in 70 per cent alcohol, their 
data also sho\ved that alkaline treatment sufficiently harsh to remove all the 
methyl ester still left 15-20 per cent of the original galactan, as shown by their 
final equivalent weight of 185 and uronic anhydride content (by carbon dioxide 
liberation) of 96.7 per cent. Similarly, Norris and Resch (27) found that treat¬ 
ment of hops pectin for 193 hr. wdth 4 per cent sodium hydroxide (which would 
remove most of the methyl ester) still left araban and galactan contents of 3,8 
and 7.7 per cent, respectively. 

Experimentally, we find that, after removal of loose ballast by the washing pro¬ 
cedure described in the experimental section, a substantial quantity of ballast 
remains that requires an activation energy of 18,5(K) cal. for its removal, which 
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lends evidence to the theory that covalent bonds are involved. Polysaccharide 
ballast could be chemically attached to a polyuronide chain by ether, ester, 
anhydride, or hemiacetal linkages, assuming the necessary end groups on the 
ballast chain. The anhydride and hemiacetal linkages are ruled out imme¬ 
diately by their instability in the aqueous environment in which pectin occurs 
naturally. The ether linkage is also ruled out because of its high bond strength 
of at least 29,000 to 35,000 cal. (11, 25). The ester linkage is a possibility 
because its bond strength is in the neighborhood of the 18,500 value we obtain. 

Our method of calculating degree of esterification and ballast content is based 
on the assumption that the sum of the methyl esters and free carboxyls is a true 
measure of the number of galacturonide units present. If some of the galactu- 
ronide units have their carboxyl gi'oups tied up by ester linkages to ballast, the 
sum of methyl ester groups plus free carboxyl groups will not be equal to the 
number of galacturonide units. However, the molecular weights of araban and 
galactan are so high (6000 and higher (9, 26)) that the error introduced into 
the carboxyl content will be too small to detect, except by elaborate end-group 
analysis. 

.\nothcr possible way to account for the nature of the ballast-removal curves 
we obtain is that all the ballast is merely physically mixed with the polygalactu- 
ronide but that a portion is of such high molecular weight that it is only difficultly 
soluble in the 80 per cent alcohol used in the purification process. In this case 
the increasing amount ol ballast washed out by the alcohol after deesterification 
must be accounted for by degradation of the ballast. This possibility is elimi¬ 
nated liecause the activation energ>' for ballast removal would then be found to 
be of the order of magnitude of 30,000 cal., as for degradation of other poly¬ 
saccharide materials (30). 

There have been suggestions that the araban and galactan are part of the 
main (ihain, occurring between polygalacturonide sections. Two facts rule this 
out; (/) The molecular weight of the ballast is so high that its removal from the 
midst of the main chain would result in a very rapid falling off of viscosity, 
which is not observed, and {^) by the continuation of acid hydrolysis for suffi¬ 
ciently long periods, the ballast content can be reduced to substantially zero, 
as shown in figure 3. The molecular weights of samples thus treated are still 
at least as high as 30,000, as indicated by viscosity, gel fonnation, and film 
fonnation. 

Hence it is our conclusion that a substantial fraction of the ballast is probably 
attached to the polygalacturonWc chain by ester linkages. The remainder may 
be merely physically mixed with the polygalacturonide or attached b}" secondary 
valences such as hydrogen bonds. One is strongly tempted to say that the 
loosely bound material is araban and that the chemically bound material is 
galactan, in the light of findings of Hirst and Jones (15) that mild hydrolytic 
means removed practically all the araban but hardly affected the galactan. 
However, two facts should be noted: (1) Their washing procedure with 70 per 
cent alcohol removed both araban and galactan at approximately equal rates 
but did not completely remove either; {£) their hydrolytic treatment that 
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removed araban almost completely was conducted under such conditions that 
the araban was degraded to arabinose. Since the furanose structure of araban 
makes it very susceptible to hydrolysis (15), there still remains the possibility 
that the araban was joined to the polygalacturonide by an ester linkage and 
that the arabinose was produced by degradation of the araban while still at¬ 
tached, leaving the last arabinose residue esterified to the polygalacturonide. 
Because of the high molecular weight of araban, the amount of arabinose thus 
left with the galacturonide would be too small to be detected, except by the 
methods of end-group analysis. 


SUMMARY 

The kinetics of acid- and enz 3 nne-catalyzed de^sterification of apple pectin 
has been studied. 

Rate constants were measured for acid demethylation at hydrochloric acid 
concentrations from 0.1 to 1.0 N, at temperatures from 30° to 60°C., and at 
pectin concentrations from 0.5 to 2.5 per cent. Under these conditions, the 
reaction was found to be of pseudo first order, with an activation energy of 
17,400 =h 1300 cal. The rate of acid demethylation, over the intervals of 
temperature and concentration used, can be expressed as an empirical equation: 

_ dff OQCHa) ^ (coOCH 3)(H+) X 1.35 X lO’exp^- 

Rate constants were measured for demethylation catalyzed by tomato pectase 
at temperatures from 30° to 50°C. and at a pectin concentration of 1.2 per cent. 
The data fit the pseudo zero-order and the pseudo first-order laws equally well. 
Assuming zero and first orders, activation energies of 5790 dz 520 cal. and 
7310 dz 590 cal., respectively, were calculated. 

Analysis of the kinetics of removal of organic non-galacturonide material 
(ballast) during acid deesterification suggests that, in apple pectin, a substantial 
portion of the ballast is attached to the polygalacturonide chain by primary 
covalent bonds (probably ester linkages) having an activation energy of 18,500 zb 
4000 cal. The remainder of the ballast is held by secondary valence forces or 
merely included as a physical mixture. 

By extensive acid hydrolysis, ballast can be completely removed, leaving a 
stripped polygalacturonic acid chain that is still of high molecular weight and 
has an average residue weight approaching 176. In enzyme hydrolysis, very 
little ballast is removed. 
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A simple expression correlating viscosities of liquids with temperatures 
can be quite useful in a number of chemical engineering operations. Although 
numerous mathematical (expressions connecting viscosity and temperature for 
various liquids are to be found in the literature, there is not a single equation 
applicable to all liquids at all temperatures. A critical review of many of the 
well-known equations has been given by Srinivasan and Prasad (9) and the 
applicability of each equation has been discussed. These authors have come 
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to the same conclusion as the Committee of the Academy of Sciences at Amster¬ 
dam (3) that of all the equations so far proposed it is Andrade’s equation which 
is to be preferred. The equation is 

17 - 

where A and b are constants, rj and T being the viscosity and temperature, 
respectively, Andrade’s equation continues to attract attention as it probably 
has a theoretical basis. Bingham and Stookey ( 2 ) have proposed the following 
equation 


lr=a + bT+ ••• 

where a and b are constants; the applicability as well as the limitations of this 
equation have been discussed by the authors. Nissan (7) has indicated that 
i; is a simple function oUTb/T and also that log 17 is some function of T/Ts, 
where Tb is the absolute boiling point. Through a series of complicated calcu¬ 
lations employing quite a large amount of viscosity data, Nissan has proposed 
a reference curve common for all liquids. However, Nissan’s paper has been 
adversely criticized by Irany ( 6 ) for some of the strange conclusions drawn. 

Batschinski ( 1 ) has proposed an interesting relationship between molecular 
volumes of liquids and temperatures, viz,: 

1 ^ V - W 

V c 


where V is the specific volume of the liquid measured at the same temperature 
as the viscosity, and c and v) are constants for each liquid. Though this rela¬ 
tionship is quite empirical, it is closely obeyed by a number of non-associated 
liquids over a wide range of temperatures. Sugden (10) has shown that the 
following equation expresses the relation between densities and temperatures of 
liquids: 

D - d = Do{l - 


where I) and d represent the densities of substances in the liquid and vapor 
states, respectively, and Do is the density of the supercooled liquid at absolute 
zero. Neglecting d, which is usually small in comparison Avith Z>, at lower 
temperatures, we have 


D = Do - Tr)*'"® 

Hence, 

M_M 1 

D Do ^ (1 - Tr)*''® 


where M is the molecular weight. So, 

^0 _ 

8/10 


V 


(1 - Try 
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where Vt is the zero volume, being a constant for each liquid (11). Substitut¬ 
ing this value of V in Batschinski’s equation we obtain 

1 yp w 

V~ cil- c 

Thus, putting Vo/c = m and W/c = k, which are constants for each liquid: 

1 m 

n “ (1 - Tr)’'*® ~ * 

According to this expression,if l/rj is plotted against ^ straight line 

should be obtained with a slope of m and an intercept of k. Such values were 



Fia. 1. Plot of l/n against 17 is expressed in centipoiscs. 


plotted as shown in figure 1, and it was observed that for non-associated liquids 
the equation is valid at all temperatures. Positive deviations are observed for 
associated liquids like water and alcohol at lower temperatures. It is probable 
that the associated liquids at temperatures not far below their boiling points 
may be in less complex states and hence may tend to approach the behavior 
of normal liquids. From figure 1 it is further observed that the values of m 
and k are not the same for all liquids. However, in the case of each normal 
liquid all the points lie very closely on a straight line, the viscosity data being 
taken from the literature (5). 
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Batschinski (2) tested his equation for sixty-six liquids over a wide range of 
temperatures and found that the maximum deviations observed in the case of 
normal liquids were about 1 per cent or even less. Such an extensive study 
has not yet been made by the present writer with reference to equation 1; 
however, it is found that this equation is also equally applicable to a few more 
liquids besides those that have been mentioned in the graph. In no case was 
the deviation of the calculated values from the experimental more than 1 per 
cent. A full statistical study regarding the reliability of this equation is engag¬ 
ing the author’s further attention and the work is in progress. 

The object of the present paper is to point out that the viscosities of unas- 
sociated liquids at temperatures other than those recorded in the literature can 
be estimated with a fair degree of accuracy using equation 1, herein presented. It 
may be remarked that such values can be also had from the viscosity-temper¬ 
ature alignment charts given in reference tables, but the reliability of such values 
is not easily known, the error being in some cases as high as 10 per cent (8). 
Furthermore, the form of equation 1, especially because of its relation to the 
critical temperature, seems to indicate that it may have a theoretical basis. 

The equation contains two constants, m and fe, and to evaluate them the 
viscosities of a liquid at two temperatures as well as the value of the critical 
temperature must be known. For a majority of common liquids, data on critical 
temperatures are available in the literature, but in case they are not, the critical 
temperature of a liquid can be estimated from its densities at two temperatures 
by applying Sugden’s density-temperature relationship, as illustrated by Sugden 
himself (10). 

Nissan (7) has suggested the oimstruction of a reference curve for temperature- 
viscosity relationship, but in view of the observation that the values of m and k 
are not the same for all liquids, it is not feasible to obtain such a curve. It is 
of interest to note further that instead of taking T/Tb or its reciprocal value, 
as done by Nissan, it may be of greater significance to take the fundamental 
quantity Tc, the critical temperature, which is f Tb (4), into consideration in the 
manner of equation 1, 
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INTRODUCTION 

The size, shape, and structural anisotropy of polymer molecules is a matter 
of fundamental concern just as it has been in the case of small molecules. Con¬ 
sequently, within the last decade a number of methods have been employed in 
an attempt to determine the size and shape of polymer molecules. X-ray inves¬ 
tigations have been the chief source of information on polymer molecules in 
the solid state, whereas in solution, studies of viscosity, flow birefringence, 
sedimentation, and diffusion have contributed most to our present knowledge. 
However, this present knowledge is not particularly impressive in its detail and 
certainty. For example, a commentary on our present state of knowledge can 
be found in the fact that there is no proof of the presence or absence of branching 
in most linear polymer molecules. Another case is that of the present lack of 
agreement on whether or not most polymer molecules in solution are larger or 
smaller than a random coil (Kuhn) with unsymmetrical energy barriers taken 
into account. 

In this situation it appears that depolarization measurements on light scat¬ 
tered from polynuu* solutions may contribute to our knowledge of the geometry 
of these molecules, especially since this method has had considerable success 
in several other colloid systems. Actually, some work along these lines has 
been carried out earlier and summarized by Lotmar (1938) (13, 14). However, 
the later advances made by Krishnan suggest that more definitive results may 
now be obtained by applying the depolarization method to the study of polymer 
solutions. 

In the work reported here, measurements have been made on solutions of 
polystyrene, cellulose acetate, and polyvinyl chloride. The results do not yield 
information such as exact dimensions but rather show how shape and size change 
with variables such as molecular weight, solvent, and concentration. This is a 
characteristic of the method wliich if properly developed may give more direct 
and useful results than are at present found in attempts to evaluate the dimen¬ 
sions of a hj'pothetical model. 

Before proceeding to the experimental work and the discussion of the results, 
a concise review of the theoretical considerations is presented. 

1 Presented before the New York Section of the American Chemical Society, June 8, 
1945 and included in the 1945 Meeting-in-print of the Division of Physical and Inorganic 
Chemistry of the American Chemical Society. 

Taken in part from a thesis presented by Herman S. Kaufman in partial fulfillment of 
the requirements for the degree of Master of Science, Polytechnic Institute of Brooklyn, 
June, 1945. 
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DEPOLARIZATION THEORY 

A light wave passing over a loosely bound electron will in general at the 
expense of its own energy produce a forced vibration of the electron, and this 
vibration will result in the radiation of the energy received in all directions with 
the same wave length as the incident light. In a macroscopic medium a large 
amount of this radiated energy will be destroyed by destructive interference; 
but, owing to the fluctuations of the density of microscopic regions of the medium, 
the interference will be incomplete and a residual portion can be observed. 
This is termed scattered light. If the medium is not a pure fluid but a solution 
in which the components have different indices of refraction, a much larger 
intensity of scattered light will result because of the added effect of fluctuations 
of concentration on a microscopic scale. 

Rayleigh (18), in his theory of the scattering of light by small particles, showed 
that for the case of small, spherical, isotropic particles the transversely scattered 
light should be completely polarized, since the incident light possessed no 
longitudinal components. Furthermore, for such scattering units the horizontal 
component of the incident light would not contribute to the light scattered at 
90®, and consequently the transversely scattered light is the same for unpolarized 
as for vertically polarized incident light. In general, however, observations on 
most scattering media show that polarization of the transversely scattered light 
is not complete. This naturally poses the problem of relating the incompleteness 
of polarization with the deviations of the scattering units from small, spherical, 
isotropic particles, i.e., with size, shape, and anisotropy. Significant contribu¬ 
tions to the solution of this problem have been made by Mie (15), who treated 
the effect of size, by Gans (8), who considered the effect of shape and anisotropy, 
and most recently by Krishnan (10, 11, 12), who developed and verified some 
extremely useful relations which permit a resolution of the effect of the above- 
mentioned quantities on the polarization of the scattered light. 

Prior to the investigations of Krishnan, attention was focused mainly on the 
depolarization observed with the incident light unpolarized. The depolarization 
for unpolarized incident light (pu) is defined as the ratio of the intensities of the 
horizontal and vertical components of the scattered light. For Rayleigh’s small, 
spherical, isotropic particles, Pu == 0. Mie demonstrated that pu becomes finite 
and is an increasing function of the particle diameter. This effect has been 
observed by Krishnan (11) and by Hoover, Putnam, and Wittenberg (9). 
Finite values of pu are also observed from such small scattering units as diatomic 
gases. Here the cause must be in the anisotropy of the molecules. Gans 
evaluated this relation quantitatively for several models such as discs and ellip¬ 
soids. Thus it is clear that the measurement of pu alone does not yield very 
definite information, since it is not the measure of any one factor alone. Gans 
and especially Krishnan (11, 12) have worked out a much more useful and com¬ 
plete theory. Reference may be made to their papers for a detailed, though 
sometimes obscure, development of this theory. Here an attempt is made to 
include in the summary of the theory qualitative, intuitive arguments which 
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show the physical basis for the relations between depolarization and the geometry 
of the scattering particles. 

By using polarized and impolarized incident light, three depolarization values 
may be measured: 


_ Hu 

“ V. + F* Vu 


( 1 ) 



( 2 ) 



( 3 ) 


H and V denote the intensities of the horizontal and vertical components of the 
scattered light, and the subscripts refer to unpolarized, vertically polarized, and 




iNCiDCNT &e.AM'W ith Incioe.nt &e.km-With 

Horizontal.Vi bRKTioNs Vertical Vibrations 

Fig. 1. Components of scattered light 


horizontally polarized incident light. These relations are sketched in figure 1. 
It is clear that all three depolarizations may be measured experimentally. 

Krishnan has shown that from the values of the three depolarizations, the 
scattering units may be classified on the basis of size and anisotropy. The 
designation of size is relative to the wave length of light. Particle diameters 
less than about 100 A. are considered small. /Vnisotropy is used here to denote 
both the departure from spherical shape and the intrinsic anisotropy which 
signifies the presence of different properties in different directions of the particle. 
Now consider the possible values of J?*, F*, Hh, and Vh for the four classes of 
particles: small isotropic, large isotropic, small anisotropic, large anisotropic. 
Reference to figure 1 will be helpful. 

For all these classes of particles F» will be finite, since the predominant effect 
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of the passage of vertically polarised incident light will be the forced oscillations 
of the dipole. In the case of small isotropic particles and will be 

zero, because the moment induced will be colinear with the incident electric 
vector giving rise to only vertically polarized light. 

This same consideration holds for large spherical isotropic particles except 
for Hh- When the particle is comparable to the wave length of light, the electric 
vector will vary in magnitude and size throughout the particle. This non¬ 
uniformity of field within the particle gives rise to a horizontal component and 
hence a finite value of Hh- 

For small anisotropic particles, Hh will be finite for a different reason. The 
scattering units can be considered as point sources characterized by their polariza> 
bility ellipsoids. The induced moment which would for the isotropic particle 
be horizontal is in this case deflected approximately in the direction of the axis 



Fio. 2. Illustration of depolarization due to anisotropy 


of greatest polarizability in the particle (see figure 2). Thus the induced moment 
will generally have an oblique orientation which gives rise to a horizontal com¬ 
ponent when, the incident electric vector is horizontal. Exactly analogous 
reasoning applies to Hv and Vh] consequently, all these components are finite 
and equal. 

Finally, consideration of the large anisotropic particle shows that Hv and Vh 
will be finite for the same reason as in the previous case. This effect holds 
also for Hh, but to it must be added the effect that caused Hh to be finite for 
a large isotropic particle. Consequently Hh is finite but larger than Hv or Vh. 
All these results are summarized in table 1, together with the values of the 
three depolarizations that result. 

From table 1 an important principle is obvious: the measurement of the 
three depolarization values permits the classification of the scattering units with 
respect to both size and anisotropy. Of even more usefulness in the study of 
polymer solutions is the fact that these depolarization values are regular func¬ 
tions of size and anisotropy. This permits one to follow changes in size and 
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anisotropy even though during all the changes the scattering units remain 
within one of the above classes. 

Further examination of table 1 shows another useful principle in the study of 
polymer solutions. When pv is finite, that is, in the case of anisotropic particles, 
deviations of Ph from unity may be used as a measure of particle size. If the 
value of Ph is close to unity, then the contribution of anisotropy to the value of 
pu is given by 2pv/{l + pv) and the contribution of size is given by the difference 

Ptt 2pv/(l “b Pv)» • 

For all the cases noted in table 1 the relation Vh holds. This is known 
as the Reciprocity Theorem in optics. Its validity has been thoroughly ex¬ 
amined by Krishnan (12) and Perrin (16), who conclude that the relation is 
valid, not for a single colloidal non-spherical particle with fixed orientation in 
space, but only for a solution containing a large number of particles which have 
no preferred orientation in the plane containing the incident and scattered 
beams. Thus, the Reciprocity Theorem can be considered to hold in the optics 

TABLE 1 


Depolarization values for various classes of scattering units* 


SCATTEftlNG UNIT 

lU 

V, 

Uk 

Vh 

Ptt 

Pv 

Ph 

Small isotropic. 

0 

+ 

0 

0 

0 

0 

0 

Large isotropic. . . 

0 

+ 

+ 

0 

4.(*) 

0 

0 

Small anisotropic. 

-|-<b) 

+ 

-f 


-f 

+ 

1(c) 

Large anisotropic. 

-f (b) 

-f 

+ 

4.(b) 


+ 

+ 


* The plus signs denote for the depolarization values positive values between 0 and 1. 
pu increases regularly with particle diameter. 

(b) //^ « Vh. 

(c) Hk * Vk, 


of polymer solutions. This theorem can be combined with equations 1, 2, and 3 
to give the following equation, known as Krishnan’s relation: 


Pu = 



1 

1 +~ 
Pv 


(4) 


This relation is useful, since it permits the evaluation of one of the depolarization 
values w^hen the other tw^o are known. This is particularly valuable in the case 
of phy which is often extremely difficult or impossible to measure accurately. 
When ph can be measured, the relation allows a check on the experimental 
measurements. 


EXPERIMENT 

A. Optical apparatus and method 

The visual method of Cornu was employed in measuring the depolarization 
values. This teclmique was chosen because of its directness and the short time 
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required for the measurementa. Thfe apparatus used was similar to that de¬ 
scribed by Hoover, Putnam, and Wittenberg (9). A schematic diagram of the 
optical system is shown in figure 3. 

The source of light, S, was a 100-watt G.E. AH-4 mercury-vapor lamp enclosed 
in a water-cooled li^t-tight housing. The beam was made parallel by the lens, 
L, which had a focal length of 18 cm. It was then made monochromatic by 
Coming glass filters which isolated the 5461 A. line. Next in the optical path 
was a Polaroid, P, which could be rotated to give vertically or horizontally 
polarized incident light or, when desired, could be removed for measurements 
of pu. A variable-iris diaphragm, I, was used to define the beam before entering 
the cell housing, H. The latter was constructed in such a manner as to permit 
the incident light to pass through the cell (3 x 3 x 10 cm.) and leave through the 



exit port with a minimum of stray radiation. At right angles to the incident 
beam there is a port for the observation of the scattered light. The cell, C, 
was placed in the center of the housing through a square opening which per¬ 
mitted reproducibility of position by serving as a guide. The entire housing 
was painted dull black, providing a dark non-planar background for the obser¬ 
vation of the scattered light. 

At right angles to the plane of the incident light, in the path of the scattered 
light leaving the observation port, is a diaphragm, D, with an opening 0.50 cm. 
square. This square defines the beam before it enters the Wollaston prism, W, 
which separates the horizontal and vertical components. On the same axis 
as the Wollaston prism there is a Nicol prism, N, mounted on a divided circle 
read to 0.1®. The Nicol prism may be rotated through 360®. 
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In the optical method of observation the Wollaston prism is adjusted so that 
the images of the square hole (from diaphragm D) arising from the vertical and 
horizontal components of the scattered light are one above the other with the 
edges just touching (figure 3). In making a measurement, the Nicol is rotated 
until the two images have the same intensity. There are four such positions, 
corresponding to two pairs of balance positions 180® apart. In order to attain 
maximum accuracy it was necessary to measure points on both sides of the true 
equi-intensity point and average these values. In practice four readings were 
taken for each apparent match position. The depolarization value (the ratio 
of the intensities of the two beams) is given by the square of the tangent of the 
angle of rotation B, In this procedure the angle 6 is half the angle between 
match points. 

In general the angle could be measured with an accuracy of zb 0.05°. The 
precision of the depolarization values depends on the magnitude of the angle 6; 
consequently, the probable error is not directly related to the depolarization 
value. The resolution of the instrument did not permit the actual measurement 
of angles less than 5°. ph could usually not be measured directly because the 
scattering was too weak. 


B. Preparation of solutions 

Fractions of polystyrene, polyvinyl chloride, and cellulose acetate whose 
molecular weights had been determined by one of the standard methods were 
available for investigation. Great care was exercised in purifying these frac¬ 
tions and in preparing optically clean solutions. From the purified fractions, 
solutions were made up to 1 per cent concentration and were then filtered suc¬ 
cessively through medium and fine sintered (fritted) glass. In some instances 
it was also necessary to filter the solutions tlirough bacteriological filters (Selas 
No. 03 and/or 04). Pressure filtration was employed in all cases. The optical 
clarity of a solution was tested by viewing (often with the aid of a magnifying 
lens) the very low angle scattering, that is, a few degrees from the forward beam. 
In this manner dust particles or any suspended matter in the Tyndall beam is 
readily detected. 

C. Calibration 

The apparatus was checked by measuring the depolarization values of benzene 
and toluene. The measured values are recorded in table 2, together with the 
known depolarization values for these liquids. The agreement is satisfactory. 
The calculated values of p* (equation 4) agree with the expected values of unity 
for such liquids. 

D, Measurements 

(1) Cellulose acetate: Three fractions and one unfractionated sample were 
measured in acetone solution (see taj^le 3). The fractions were prepared and 
their molecular weights determined (correlated osmotic pressure and viscosity) 
by Badgley (1). The unfractionated material was a commercial sample whose 
molecular weight has been measured by osmotic pressure, viscosity, ultra- 
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centrifuge, and li^t scattering. The weight average molecular wei^t is re¬ 
corded. 

(S) Polyvinyl chloride: Three fractions and the unfractionated polymer from 
which the fractions were separated have been measured in ethyl methyl ketone 
solution (see table 4). Osmotic-pressure molecular weights (7) arc recorded. 
The unfractionated material was the commercial resin Geon 101. 

(S) Polystyrene: Three polystyrene fractions were studied both in toluene and 
in ethyl methyl ketone solutions and also at several concentrations (see tables 
6 and 6). These fractions were prepared by only a single rough fractionation 
and consequently have wide distributions of molecular weight. Fraction 


TABLE 2 

Depolarization values for pure liquids 




BENZENE 

TOLUENE 

pu . 

This work. 

0.410 

0.490 


Peyrot (17). 

0.420 

0.480 

pt. . 

This work. 

0.253 

0.331 


Lotmar. 

0.267 


pk . 

This work (calculated). 

0.97 

1.03 


TABLE 3 

Depolarization values of cellulose acetate in acetone 


EKACTION NO. 

MOLECULAK 

WI':iGHT 

1.00 PEE CENT SOLUTION 

0.50 PER CENT SOLUTION 

Pu 

Pw 

Pu 

Pu 

27B. 

65,000 

0.045 

0.006 

0.045 

0.006 

16B. 

90,000 

0.029 

0.005 

0.028 

0.004 

8B. 

168,000 

0.017 

0.001 

0.019 

0.001 

Unfractionated. 

90,000 

0.029 

0.0015 




No. 70-1 was obtained from polystyrene polymerized with catalyst at 70®C. in 
toluene. The other two fractions were taken from polystyrene polymerized at 
room temperature without catalyst to 30 per cent conversion. Viscosity meas¬ 
urements indicated a molecular weight of 800,000. Osmotic-pressure measure¬ 
ments on the other two fractions showed their molecular weights to be 400,000 for 
100-L and 3,200,000 for 100-H. 

The measured depolarization values in toluene passed through a minimum on 
decreasing the concentration of the solution (see table 6). This results when 
the solvent scattering is comparable to the solution scattering and the depolariza¬ 
tion values of the solvent are large, for under these conditions the solvent con¬ 
tributes to the observed depolarization and in an amount that increases with 
decreasing concentration of solute. The depolarization due to the solute alone 
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TABLE 4 


Depolarization values of polyvinyl chloride in ethyl methyl ketone 


FltACTJOK MO. 

MOIJ^XULAR 

WEIGET 

! 

CONCENTRATION 

Pu 

Pv 

ph 

(CALCULATED) 



f. per 100 ml. 



■■1 

20. 

76,000 

1.00 

0.010 

0.004 


14. 

120,000 

1.00 

0.017 

0.005 

■SH 

7. 

140,000 

1.00 

0.024 

0.004 

■H 

Unfractionated. 

120,000 

1.00 

0.018 

<0.001 



120,000 j 

0.50 

0.015 

<0.001 



120,000 

0.25 

0.014 

<0.001 



120,000 

1.00 

0.018 

0.0006 



TABLE 5 


Depolarization values for polystyrene in toluene 


TRACTION NO 

CONCENTRATION 

UNCORRECTED 

CORRECTED 

CALCULATED 

Pu 

P9 

Pu 

Pv 

Ph 


g. per 100 ml 






100-L .... 

1.00 

0.110 

0.032 

0.095 

0.020 

0.26 


0 58 

0.088 

0.026 

0.064 i 

0.008 

0.06 


0.25 

0.095 

0.031 

0.057 

0.000 


100-H. . .. 

1.00 

0.070 j 

0.011 

0.065 

0.003 

0.048 


0.58 

0.058 : 

0.010 

0.048 

0.001 

0.021 

70-1. 

1.00 

0.091 

0.033 

0.075 

0.017 

0.29 


0.76 

0.078 

0.030 

0.056 

0.012 

0.27 


0.58 

0.072 

0.020 

0.045 

0.000 



0.40 

0.083 

0.024 

0.055 

0.001 



0.25 

1 0.091 

0.023 

0.055 

0.002 



TABLE 6 


Depolarization values of polystyrene in ethyl methyl ketone 


FRACTION NO. 

CONCENTRATION 

Pu 

Pv 

Ph (calculated) 


g. per 100 ml. 




100-L. 

1.00 

0.015 

0.0015 

0.11 

100-H. 

1.00 

0.011 

0.0003 

0.028 

70-1. 

1.00 

0.012 

0.0003 

0.0255 


0.71 

0.008 

0.0001 

1 0.0126 


0.55 

0.007 

0.0001 



0.38 

0.007 

0.0001 
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is readily obtained from the following expression (13), which is derived from 
the assumption that the product of the observed depolarization and total in¬ 
tensity is equal to the sum of the corresponding products for the solute and 
solvent: 


a: ~ Pm) /g\ 

■fi*(l + Pii) ~ hO- + 

The corrected depolarization values are for the polystyrene-toluene solutions— 
the only case studied that required this correction. The intensities h and In 
were obtained from the turbidities of the toluene and the solution, respectively, 



CONCENTRATION 

Fig. 4. Depolarization of polystyrene in toluene: O, p„ uncorrected; •, pu corrected; 

□ , p» uncorrected; p» corrected. 

as measured in a turbidimeter (20). The variation of the depolarization values 
with concentration and the effect of the correction for solvent depolarization are 
shown in figure 4 for the toluene solutions of polystyrene 70-1. Some calculated 
values for ph are recorded for use in the discussion. These can be considered 
as only approximate. 


DISCUSSION OF RESULTS 
1. Cellulose acetate 

In contrast to the other systems measured, the depolarization values decrease 
sharply with increasing molecular weight. On the basis of size alone the effect 
on pu should have been the opposite; consequently, anisotropy must be a sensi¬ 
tive function of molecular weight. Since pv, which is a qualitative measure of 
anisotropy, almost vanishes at a molecular weight of 158,000, it appears that 
in the range of molecular weight the cellulose acetate molexjule is on the average 
fairly isotropic. It follows then that below 100,000 in molecular weight the 




SCATTERING OP LIGHT BY POLYMER SOLUTIONS 


593 


molecules must become increasingly anisotropic to a very pronounced degree. 
The p„ values corroborate this view. 

The depolarization values are essentially independent of concentration regard¬ 
less of molecular weight. Since acetone is far from being an indifferent solvent, 
this fact seems to indicate that the molecules are stiff enough to be little affected 
by polymer-polymer interactions. This constancy of shape and size as concen¬ 
tration is varied was also noted in the study of molecular size by measurements 
of the dissymmetry of scattered light (20). 

These observations are consistent with the picture that cellulose acetate mole¬ 
cules are relatively quite stiff and do not tend to curl back on themselves notice¬ 
ably until the molecular weight range of 1(X),000 is reached. Recent studies of 
viscosity (1) and sedimentation velocity (19) are in agreement with this view. 

The pu value for the unfractionated material indicates that pu is a function of 
weight average molecular weight. The low value of pv is difficult to explain. 
This cannot be passed by as a single anomaly, for a similar observ’-ation was made 
in the polyvinyl chloride system. If Krishnan^s relation holds, this indicates 
that in going from a fraction to a wide distribution with the same weight average 
molecular weight, pv and ph both decrease. This could perhaps be possible if 
Pv depended approximately on the weight average molecular weight and ph on a 
lower average such as the number average molecular weight. It is planned to 
investigate this point further. 

Polyvinyl chloride 

Here p„ increases regularly with increasing molecular weight, p„ is constant, 
and ph (calculat/ed) decreases. The constancy of pv demonstrates that the 
anisotropy is essentially independent of molecular weight. The increasing de¬ 
parture of Ph from unity is solely responsible for the increase of pu with molecular 
weight. Thus we have here a substance whose finite anisotropy is independent 
of molecular weight but whose size increases rapidly ^vith molecular weight. 
The latter observation is consistent with the molecules being coiled in solution. 
The constant, finite anistropy would indicate that this is not a randomly coiled 
molecule, but rather that the carbon-^chlorine dipoles are preferentially orientated 
(a cooperative phenomenon) to a degree independent of molecular weight. 

Again we have the curious suppression of the pv value for the unfractionated 
material. The last entry was a careful check on this point, using an entirely 
different solution. The inaccuracy of the Pv values prevents the determining of 
the cause for the gradual decrease of pu with dilution. 

S, Polystyrene 

A number of variables have been studied in this case. The effect of molecular 
weight can be seen from examining the data for fractions 100-L and lOO-H. 
In both solvents Pu, Pv, and ph are larger for the compound of lower molecular 
weight. This indicates, of course, that the molecules of lower molecular weight 
are smaller and more anisotropic. 

With decreasing concentration pu in all cases decreases rapidly to finite values 
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which do not change further. Similarly, p» decreases rapidly to very small 
values. This means that ph decreases correspondingly. The picture this in¬ 
formation presents is that upon dUution the molecules become more isotropic 
and also increase in size, i.e., the molecules become more swollen. 

Considerable discussion has centered about the eflfect of polymerization con¬ 
ditions on branching and molecular shape. Comparing the data on fractions 
100-L and 70-1, which have approximately the same molecular weight, we see 
that in toluene there is no signihcant difference in anisotropy and size. In 
ethyl methyl ketone, however, the data indicate that the molecules of fraction 
ICO-L are smaller and more isotropic than those of fraction 70-1. This indi¬ 
cation is not consistent with increasing branching at higher temperatures of 
polymerization (G. V. Schulz) but agrees better with the osmotic pressure- 
viscosity data of Alfrey, Bartovics, and Mark®, which indicated that more 
extended molecules were produced at higher polymerization temperatures. A 
reasonable interpretation of this situation is given by Huggins* in teims of the 
population of the non-equivalent dispositions of hydrogen atom and styrene 
radical relative to the C-C plane. 

It is of interest to note here the magnitude of the correction due to orienta¬ 
tion fluctuations that must be applied to molecular weights determined by light 
scattering. For the systems studied here, this correction, (6 — 6 pm)/( 6 + 7p«), 
varies from 4 to 10 per cent. Further consideration (21) shows that this quan¬ 
tity represents an upper limit for the correction. 

SUMMARY 

The theory of depolarization of scattered light is developed with particular 
reference to the study of polymer molecules in solution. A simple apparatus, 
based on the Cornu method, is described. This permits the measurement of 
the depolarization of the transversely scattered light, using unpolarized and 
vertically and horizontally polarized incident light. Measurements on frac¬ 
tions of cellulose acetate, polyvinyl chloride, and polystyrene as a function of 
molecular weight, concentration, and solvent are reported. The data are inter¬ 
preted in tenns of the changes in anisotropy and size as a function of the above- 
mentioned variables. 

The authors wish to thank Dr. Bruno Zimm for his help and advice through¬ 
out the progress of this research and Professor Joseph E. Mayer for space in his 
laboratory at Columbia University. 
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The thermal decomposition of ethylene iodide in the presence of free iodine, 
both in the vapor state and in solution m carbon tetrachloride, has been studied 
by several investigators (1, 9, 12, 15). Also, a study has been made of the 
influence of iodine atoms on the photodecomposition of the iodide in carbon 
tetrachloride solution (18, 19). In all these cases it was concluded that iodine 
played the part of a catalyst. The influence of iodide ions on the decomposition 
has not been studied very much. There is only one early paper of any impor¬ 
tance on the subject, that by Slator (21), but he did not consider the matter 
from the point of view of the modern theory of reaction kinetics. 

This paper presents the results of a study of the thermal decomposition of 
ethylene iodide in aqueous alcohol in the presence of potassium iodide at four 
different initial concentrations and at four different temperatures. The reac¬ 
tion appears to be of the second order and, within a reasonable factor, of a 
normal type. 

EXPERIMENTAL 

The ethylene iodide was prepared (20) by passing ethylene for about 3 days 
through a paste of iodine in absolute alcohol containing ground glass. The 
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ethylene iodide formed on the glajas wool, and was recrystaUised from aqueous 
alcohol. Long, needle-like crystals which melted at 82®C. were obtained. 
These crystals turned brown on exposure to air; if the ethylene iodide was kept 
in a desiccator, crystals of iodine gradually formed amidst the white solid. The 
substance could be kept in a pure state in an atmosphere of ethylene. Later 
it was discovered (12) that if the ethylene iodide was crystallised from carbon 
tetrachloride it remained colorless w’hen kept in the air, but became contaminated 
with iodine if kept in a closed vessel, unless in an atmosphere of ethylene. 

The potassium iodide was recrystallized several times from water. 

All the reaction experiments were carried out in a water thermostat, the 
temperature of which was controlled electrically to 0.1®C. 

The solvent used for all the reactions was a mixture of 75 per cent by volume 
of ethyl alcohol and 25 per cent water. The initial concentration of each of 
the reactants was the same in every case, assuming for the time being that the 
potassium iodide was 100 per cent dissociated. 

The decomposition was measured at the temperatures 15°, 20°, 25°, and 36°C. 

It was found advisable to use solutions of concentrations less than 0.04 M 
and greater than 0.005 M, since at low temperatures ethylene iodide reaches 
its solubility limit at the high concentration, and the decomposition is too slow 
at the loAv concentration. The chosen concentrations were 0.03, 0.02, 0.015, 
and 0.01 molar with respect to both ethylene iodide and iodide ion. 

The solutions were made up in the following manner: The required amount 
of ethylene iodide for 100 ml. of solution was weighed out accurately, dissolved 
in an appropriate volume of ethyl alcohol (75 ml.), and placed in the thermostat 
at the temperature of the experiment. The weight of potassium iodide re¬ 
quired for 120 ml. of solution w^as w-eighed out and dissolved in 30 ml. of distilled 
water, and the solution was w^armed to the temperature of the experiment. 
Twenty-five milliliters of this potassium iodide solution was then added to the 
alcoholic ethylene iodide solution, the time of this addition being noted as the 
beginning of the reaction. Due account was taken of the slight contraction in 
volume which occurred, and also of the very small momentary increase in 
temperature. The rate of reaction w’^as measured by withdrawing, at well- 
spaced intervals, 5 to 10 ml. of the solution with the aid of a calibrated pipet, 
chilling with a freezing mixture, and titrating the iodine formed with dilute 
sodium thiosulfate (0.01 iV). The end point was decided by the disappearance 
of the yellow color of the iodine, as starch could not be used in the presence of 
ethylene iodide. The free iodine w'as titrated in neutral solution. It has been 
contended that titration with sodium thiosulfate is more accurate in acid (3) 
than in neutral solution, but equal accuracy has also been claimed for both 
(16, 23). A greater source of error which had to be guarded against w^as found, 
i.e., evaporation of iodine at the higher temperatures, which can reduce the 
accuracy of the titration (17). At the low' temperatures employed in this 
work, iodine itself in the absence of iodide ion was not found to accelerate the 
decomposition of ethylene iodide to any appreciable extent, nor did strong 
light noticeably affect the velocity of decomposition. No oxidation process 



THERMAL RECOMPOSITION OP ETHYLENE IODIDE 


597 


can be involved, as replacement of the air in the reaction flask by the inert 
gas nitrogen does not affect the velocity. In course of time the decomposition 
of the ethylene iodide appeared to go to completion, determined by the 
iodine titrations. 


TABLE 1 


INITIAL CONCENTRATION 
a 

1/tf 

/l/4 

meaN k 

Temperature, 15®C. 




liters/moU min. 

0.01 M 

100 

640 

0.051 

0.015 

66.6 

455 


0.02 

50 

348 


0.03 

33.3 

247 


Temperature, 20°C. 

0.01 M 

100 

350 

0.094 

0.015 

66.6 

244 


0.02 

50 

195 


0.03 

33.3 

138 


Temperature, 25®C. 

0.01 M 

100 

230 

0.144 

0.015 

66.6 

158 


0.02 

50 

119 


0.03 

33.3 

83 


Temperature, 35°C. 

0.01 M 

100 

90 

0.373 

0.015 

66.6 

63 


0.02 

50 

45 


0.03 

33.3 

32 



DISCUSSION OF RESULTS 

The results of the measurements of the velocity of decomposition are recorded 
in table 1. The velocity, at any rate until somewhat more than the time for 
half-decomposition, followed strictly the second-order equation 


k = l/t 


X 

a{a — x) 


a being the initial concentration of both ethylene iodide and potassium iodide, and 
X the number of moles of ethylene iodide decomposed per liter (equivalent to 
concentration of iodine in moles per liter) after time t (minutes). At all tem¬ 
peratures, a plot of the time for one-quarter of complete decomposition (ii) 
against the reciprocal of the initial concentration gave a straight line (figure 1), 
which is a more satisfactory proof that the reaction follows the second-order 
kinetics. 




898 


T. IBBDALE AND T. SODNA 8TSSFHAN 


These results are somewhat different from those of Slator (21), which seemed 
to show that the reaction was of the first order with respect to ethylene iodide. 
The important consequence of the second-order mechanism is that iodide ion 
is used up as well as ethylene iodide during the course of the reaction. This 
means that the ir ion formed does not function as a catalyst. The equilibrium 
constant 


K 


[IT] 


is 7.2 X 10“* at 0“C. and 14 X 10 “^ at 25®C. (10), so that when [I~J is high, the 
greater.part of the iodine goes over to IF, taking the equivalent of 1“ with it. 



Fio. 1 

The velocity of the reaction la -f I~ = IF may be assumed to be relatively very 
much faster than the decomposition. 

But a more plausible mechanism for the decomposition is this: I~ and C 2 H 4 I 2 
possessing the requisite activation energy give on collision the activated complex 
C2H4IF. This complex may go over into C2H4 and IF or return to the original 
forms C 2 H 4 I 2 and I~. The greater probability that the former will happen 
requires that the entropy of activation shall have at least a positive value ( 6 ), 
or that the factor, P, in the equation 


k = PZe*’’ 

shall be greater than or not much less than unity ( 8 ) (Z being the collision 
frequency and E the experimental energy of activation). , 
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Since Z varies as the square root of the absolute temperature, we can write 

-E 

k « PcVfe^^ 

c being a constant. Whence 

log^ fc = const. + J log. ^ ^ 


We have plotted 


|iog,.r 


0.4343 

T 


against logic (fc X 10*), a reasonably straight line being obtained (figure 2). 
The energy of activation was calculated to be 10,500 cal. 



In the equation 

N / /I 1 \\‘ zf 

‘ io5o (s + e))"" 

(omitting, for the time being, the probability factor, P) in which the velocity 
constant, /;, is related to the collision frequency, Z, and the energy of activation, 
Ml and il/o are the molecular weights of the reactants, and <ti, 2 , their mean 

effective molecular diameter, equals 

A 

(Tj, the effective diameter of the iodide ion, without taking into account any 
solvation, maj'^ be put equal to 4.36 X lO”* cm. (13). 

(fi, the effective diameter of the ethylene iodide molecule, is not easy to de¬ 
termine. Two methods have been used in arriving at an estimate of this quan¬ 
tity: 

Method I: The cube root of the molar volume, T, of the pure liquid or solid 
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at low temperatures multiplied by 1.33 X 10~* « 1.33 X 10^® » 6.78 

X 10-® cm. (11). 

Method II: The effective diameter is taken to be equal to twice the length 
of the C—I bond (2.14 X 10“« cm.) (14) and = 2 X 2.14 X lO-® = 4.28 X 10*“® 
cm. The results of these calculations are given in table 2. It will be seen that 
P, the ratio A;obsd./fco»icd., is about 5 X 10“®, so that the reaction may be con¬ 
sidered to be very nearly of the normal type. 

The entropy of activation, A<Sc, was calculated from the equation 

hT z£. ^ 

* = C ^ e « (7) 

h 

and came out to be — 0.68 e.u. 

A higher order of accuracy would be obtained by evaluating ko from the 
Br0nsted-Bjerrum equation: • 

fc-A:o/i/2 (2,4) 

where fi and f 2 are the activity coefficients of the reacting species, being unity 
at very great dilution. The activity coefficient of ethylene iodide is probably 


TABLE 2 


TEICPESATURE 

k (obsd.) X KH 

k (cakd.) X 10* 

P X 10* 

Method I 

Method 11 

•c. 

hlers/mole sec 

lUersImole sec . 

liiers/tnole sec . 


15 

8.5 

2.1 

1.6 

4.0-5.3 

20 

15.7 

3.8 

2.9 


25 

24.0 

6.2 

4.7 


35 

62.0 

15.6 

12.0 



very close to unity at the low concentrations employed. The activity co¬ 
efficients of potassium iodide in aqueous alcohol solutions were not available to 
us. Gelbach (5) has found that at 25®C. in aqueous solution the coefficient 
varies from 0.9 at 0.01 M to 0.86 at 0.03 M, which indicates the order of the 
correction factor that would have to be applied to increase the accuracy of our 
results. We do not think that our general conclusions would be changed very 
much by any further refinements in the methods employed. 

SUMMARY 

The thermal decomposition of ethylene iodide catalyzed by iodide ion has 
been measured at four different temperatures. 

The reaction follow^s second-order kinetics, the energy of activation is 16,500 
cal., and the entropy of activation is — 0.68 e.u. 
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I. INTRODUCTION 

^Vry few comprehensive studies have lyeeii made of the radio-frequencj'' prop¬ 
erties of vegetable materials containing absorbed water. Tausz and Rumm 
(11) have made a fairly complete study of several materials, including starch, 
tobacco, and slate, but their measurements viciv made only at low frequencies, 
in the neighborhood of 1000 cycles per second. Argue and Maass (1) have 
measured the dielectric constant of a cellulose-water S 3 \stem as a function of the 
moisture content, at one frequency, 500 kc., and one temperature, 25°C. Several 
investigations have l)ecn carried out on the radio-frequency properties of soils, 
which have dielectric properties similar to those of organic systems containing 
dispersed water. Smith-Rose (10) has measured the dielectric constant and the 
conductivity of various tyqies of soil as a function of the moisture content and 

^ Bureau of Agricultural and Industrial Chemistry, Agricultural Research Administra¬ 
tion, United Stales Department of Agriculture. 
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of the frequency (10 kc. to 10 me.) at one temperature. Fricke and his col¬ 
laborators (4, 5, 6) have made measurements on gelatin-water systems and on 
various other systems, such as kaolin-water and quartz-water suspensions, at fre¬ 
quencies from 2 kc. to 65 me. Errera and Sack (3) have recently measured dielec¬ 
tric properties of animal fibers at frequencies from 8 kc. to 13 me. No previous 
work has been done upon dehydrated vegetables in this field; at least there is no 
information available in the literature. 

The work reported in the present investigation deals with the dielectric prop¬ 
erties of dehydrated carrots, especially with the radio-frequency properties. 
The dielectric constant and the electrical conductivity have been measured with 
respect to changes of moisture content, temperature, frequency, bulk density, 
and particle size. Some work has also been done on the effect of electrode polari¬ 
zation upon the results at low frequencies. Thevse properties are of especial 
importance for the measurement of moisture content by electrical methods, in¬ 
cluding d.c., low-frequency, and radio-frequency methods. Following presenta¬ 
tion of the results a discussion is given of various electrical methods of measuring 
moisture content. The results reported in the present paper may also have some 
interest in connection Avith the problem of the nature of the dielectric properties 
of dispersed materials of biological origin containing absorbed water. 

II. METHOD, APPARATUS, AND MATERIALS 

The preliminary measurements of capacity were made by determination of the 
change of capacity required in a parallel standard condenser to restore resonance. 
Although the method was found to give excellent precision for capacity measure¬ 
ments at low moisture contents, the broadening of the resonance curv e caused 
by the leakage conductivity of the cell at high moisture contents (above 12-14 
per cent) led to abandonment of this method in favor of a radio-freq\iency bridge 
type of measurement. This bridge circuit has been discussed by Oncley (8) 
and T. M, Shaw (9). The frequency range obtainable by usi* of an all-wave 
receiver as detector was from 18 kc. to 5 me. iVbove 5 me, the shielding of the 
bridge became vciy^ poor, and balance was difficult. In the range 18 kc. to 
5 me., with this bridge and a General Radio Co. Type 7221) standard (jondemser, 
and with the cell described below, capacities from 10 to 1100 and conduc¬ 
tivities of the order 10“® to 10“^ mho per centimeter could be measured.^ 

* It is necessary in some cases to correct results obtained from a high-frequency bridge. 
The most commonly required correction is that for the inductance L of the leads of the 
cell. This inductance affects the capacity according to the following equation: 


* 1 - a>*LC 

where C is the true capacity, the measured value, and w « 2ir X frequency of oscillation. 
In the present work this correction is not needed, since at high frequencies, where the cor¬ 
rection is most likely to be needed, the capacity is small, and when the capacity is large 
the frequency is small. This conclusion has been checked by measurement of the induc¬ 
tance of the leads and calculation of the correction for several typical cases. In all these 
cases the correction was negligible. It has also been noticed that there were slight irregu¬ 
larities in € when small changes of capacity were being measured, owing to lack of constancy 
of inductance of the standard resistor, for different resistance values. 



ELECTRICAL MOISTURE TESTING 


603 


The experiments were carried out by use of the cell represented in figure 1. 
The outer diameter of the inner electrode was 3.49 cm. and the inner diameter 
of the outer electrode was 5.60 cm. The annular region containing the sample 
was 5.06 cm. in length. The cell was ordinarily filled with a constant weight of 
45 g. of dehydrated material. Thus the bulk density was equal to 0.760 g. per 
cm.* This value for the bulk density is to be assumed in the remainder of this 
paper, unless otherwise specified. The outer electrode w^as grounded in all 
the measurements to avoid errors due to presence of stray capacities. Fiducial 
marks on each cap and on the shell enabled one to screw the caps on to the same 
point for each experiment and thus to reproduce accurately the end capacities. 
The measurements were made in a room maintained at a temperature of 22°C. zfc 
1,0° and a relative humidity of 50 per cent. For control of the temperature of 



KXM BRONZE 


■i 

2 CM. 


Y//\ POLYSTYRENE 

Fio. 1. Longitudinal section of cell used in the dielectric measurements 


the cell, w^ater was circulated through the coil indicated in figure 1. This coil 
was connected with another coil immersed in a bath whose temperature could 
be held constant to =b0.2°C. Circulation was obtained by use of a centrifugal 
pump. The temperature was read from a mercury thennometer inmiersed in 
the liquid as it returned to the bath. Since the reading on this thermometer 
was 0.2° or 0.3°C. different from the reading of that in the bath, the average tem¬ 
perature was used in tabulation of the results. All the measurements w'ere be¬ 
gun after a lapse of at least 30-40 min. after beginning of circulation, w hich was 
the time required to bring the cell to constant temperature. 

The preliminary experiments WTre carried out by use of the cell eciuipped with 
bakelite-impregnated fabric insulators. The considerable variation in the 
^‘emptycapacitance value of the cell, caused by winter absorption of this in¬ 
sulation, led to replacement of these insulators with others made of polystyrene. 
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The polystyrene-insulated cell retained high insulation resistance and low power 
factor even at 100 per cent humidity. 

It is important to know fairly accurately the value of the cell constant, Co, 
which may be defined by the relation 


€ — 1 


( 1 ) 


As a first approximation, Co is the capacity of the empty cell minus lead capacity 
and edge-effect capacity. Ce is the capacity of the empty cell. C/ is the ca¬ 
pacity of the cell filled with material, e Is the dielectric constant of the material. 
Co can be calculated fairly accurately for an infinitely long cylindrical condenser 
by .the formula 


Cc 


lAll 

2><«E 


/^Mf 


where b = the inside diameter of the outer electrode, a = the outside diameter 
of the inner electrode, and I = the length of the cylinder in centimeters. For 
the present cell this value was 8.35 fxfxfy but edge effects made this value inac¬ 
curate. The value of Co was also determined by calibration with water, amyl 
alcohol, and caprylic alcohol (2-octanol). The dielectric constants of the al¬ 
cohols were separately determined in a three-plate parallel-plate condenser with 
quartz insulation. This condenser was calibrated by use of purified acetone 
and benzene. Acetone and benzene could not be used in the cell of figure 1, 
because they dissolved the polystyrene insulation. The values of Co obtained 
by the above proct^ure varied from 8.35 for water to 9.04 for caprylic alcohol. 
It seems that changes in the end capacities caused by the presence of material 
of high dielectric constant caused the cell constant to decrease with increase in 
dielectric constant of the contents. The value for water Is approximately equal 
to the calculated value. The value obtained by use of caprylic alcohol (Co = 
9.04 fifji) was used for all € from 1 to 10. When the uiicorrected € obtained from 
equation 1 with Co = 9.04 varied from 10 to 30, c was recalculated with a value 
of Co equal to 8.90. Similarly, for uncorrected c in the range of 30 to 50, Co = 
8.70; for 6 = 50 to 70, Co = 8.50; and for t > 70, Co was taken to be 8.35 MMf- 
No attempt was made to calibrate the cell for conductivity measurements. 
Instead, the calculated cell constant for conductivity was used. Thus, the 
specific conductivity is calculated from the observed value of the resistance, R, 
by means of the formula 



ff = - 

2wlR 


The use of this equation is justified, since the observed variations in the con¬ 
ductivity are usually very great, often involving changes by factors of several 
powers of ten; hence high accuracy is not needed. 
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Accurate measurement and even definition of d.c. conductivity of non-con¬ 
ductors is in general rather difficult, because the result may vary with applied 
voltage, time of application of voltage, and other factors. Electrode polariza¬ 
tion also affects the results, since for high moistures readings of resistance ob¬ 
tained with a d.c. ohnuneter showed immediate increase with time upon applica¬ 
tion of voltage. No special precautions have been taken in this work with 
respect to any of the above factors, and the results for d.c. resistance cannot be 
considered to be of high precision. The higher conductivities were measured 
with a multitester ohmmeter and the conductivities in the range 10“’ to 10“^® 
ohm~^ with an electronic ohmmeter. A ballistic galvanometer method was used 
for conductivities in the range 10“^° to 10“^® ohm“^ Conductance of the poly¬ 
styrene insulation was found to be much less than that of the sample in all cases. 

The carrots used in the present work were obtained from two different sources. 
One type was obtained on the open market and consisted of a mixture of varieties, 
but was probably mostly of the Chantenay variety. The other type consisted 
of the Tendersweet variety. Although it has been found in other work that 
dielectric properties, and especially the conductivity, vary with variety, the 
two types used in the present work were found to have practically identical 
properties. The carrots were dehydrated by commercial dehydration methods 
by the Engineering Division of this laboratory. The samples were brought to 
their final moisture content by placing them in desiccators over solutions of 
various concentrations of sulfuric acid (7). The moisture content was deter¬ 
mined at intervals during the work by heating for 22 hr. at in a vacuum 
oven after grinding in a Wiley mill through a U. S. No. 40 sieve. Moisture con¬ 
tent is expressed throughout this paper in terms of percentage of dry weight. 
Although there is some doubt as to the degree of correspondence of the “water’’ 
detennined by this method and the “water” involved in a dielectric measurement, 
it was considered that the accuracy of the determination was satisfactory for 
determination of the moisture differences among the samples used. 

The initial experiments consisted of measurements on loosely packed carrots 
(bulk density 0.70 g. pc^r cm.®) ground to paas a U. S. No. 18 screen but not a 
U. S. No. 25 screen (18-25 mesh). Later a distribution of No. 18 to No. 35 
was used. No significant differences in results were found for either dielectric 
constant or conductivity for the same dcnsit.y of packing for these two distribu¬ 
tions. A discussion will be given later of the effect of using smaller particles 
than those present in the above distributions. 

III. PRECISION OF RESULTS 

An idea of the precision of the results may be obtained from the following 
experiment: The dielectric constant and electrical conductivity of a sample of 
carrots containing 0.1 per cent moisture were measured at 1.8 me. after each of 
four successive fillings of the cell. The values for e were 2.779, 2.777, 2.781, and 
2.779. These values indicate that for materials ground to fairly narrow particle- 
size distribution (18-25 mesh) the dielectric constant is reproducible to better 
than 1 per cent. However, fluctuations in temperature and in moisture content, 
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and errors in the bridge itself, probably make the accuracy for the dielectric ecm- 
stant no better than 1-2 per cent. The results for the Bpeci6c conductivity in 
the above experiment were: 3.43,2.64,4.05, and 2.17 X 10“*. It is clear that 
the agreement is not as good as it is with the dielectric constant, especially at 

TABLE 1 

Variation of ike dielectric constant of dehydrated carrots with change of moisture content, 

temperature, and frequency 


KOISTUIE 
(nCK CENT, PEV; 

weight) I 

FIEQUENCY IN KILOCYCLES 

5000 

1800 

1000 

500 

1 180 

100 

50 

18 




(a) 1.5°C. 





1.5 

2.32 

2.33 

2.34 

2.34 

2.37 

2.35 

2.39 

2.41 

4.2 

2.38 

2.40 

2.41 

2.42 

2.44 

2.46 

2.48 

2.51 

6.1 

2.42 

2.44 

2.46 

2.47 

2.50 

2.52 

2.53 

2.56 

8.5 

2.66 

2.71 

2.75 

2.81 

2.87 

2.91 

2.97 

3.08 

9.2 

2.64 

2.69 

2.73 

2.78 

2.85 

2.89 

2.95 

3.05 

10.3 i 

2.78 

2.87 

2.93 

3.00 

3.12 

3.19 

3.29 

3.46 

16.3 

4.29 

4.62 

4.88 

5.24 

5.92 

6.44 

7.27 1 

8.99 

18.7 

5.23 

5.82 

6.28 

6.88 

8.20 

9.26 

10.8 i 

13.8 

20.4 

6.05 

6.96 

7.64 

8.68 

10.85 

11.55 

14.8 

19.2 


(b) 20.7‘*C. 


1.5 

2.34 

2.35 

2.35 

2.37 

1 2.39 

2.41 

2.42 

2.44 

3.8 

2.45 

2,48 

2.49 

2.52 

2.55 

2.57 

2.60 

2.63 

4.2 

2.47 

2.50 

2.52 

2.53 

2.57 

2.59 

2.61 

2.64 

6.1 

2.64 

2.66 

2.70 

2.74 

2.79 

2.83 

2.88 

2.90 

8.52 

3.14 

3.29 

3.38 

3.50 

3.59 

3.80 

4.00 

4.37 

8.59 

3.16 

3.31 

3.39 

3.52 

3.73 

3.87 

4.06 

4.46 

16.3 

5.84 

6.59 

7.26 

8.21 

10.25 

11.83 

14.5 i 

19.7 

18.5 

7.12 

8.31 

9.15 1 

10.7 

13.43 

15.18 

1 

18.1 

24.3 


(c) 35.8*^C. 


1.5 

2.51 

2.52 

2.54 

2.55 

2.60 i 

2.61 

2.63 

2.65 

2.6 

. 2.66 

2.73 

2.76 

2.80 

2.84 

2.88 

2.93 

3,01 

4.2 

2.72 

2.77 

2.80 

2.84 

2.90 

2.94 

3.00 

3.09 

6.1 

2.95 

3.07 

3.13 

3.23 

3.37 

3.45 

3.60 

3.88 

8.52 

3.66 

3.88 

3.99 

4.22 

4.67 

5.03 

5.58 

6.77 

10.2 

4.14 

4.60 

4.81 

5.29 

6.25 

7.00 

8.25 

10.78 

15.6 

7.13 

8.48 

9.56 

11.30 

13.05 

16.25 

19.2 

24.9 

16.3 

7.54 

9.05 

10.23 

12.20 

16.02 

19.09 

24.2 

35.0 

18.7 

8.88 

10.83 

12.13 

14.10 

18.1 

21.4 

26.3 

37.1 

20.4 

9.90 

12.11 

14.05 

16.75 

23.3 

28.9 

38.8 

64.4 


the low moisture levels. Thus, whereas the maximum variations in dielectric 
constant are equivalent to 0.05 per cent moisture, the maximum variations for 
conductivity correspond to 0.15 per cent moisture. Bridge errors arising from 
manipulation at balance in the measurements of conductivity probably exceed 
those for dielectric-constant measurements. 
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IV. RESULTS 

In tables 1 and 2 are presented values of the dielectric constant and total 
conductivity (a.c. and d.c.) as functions of moisture content, temperature, and 

TABLE 2 

Variation of the total eonductiviiy of dehydrated carrots with change of moisture content, 

temperature, and frequency 
Conductivities in mhos per centimeter X 10^ 

MOISTUHE 1 FEEQUENCY IN KILOCYCLES 


(pee cent, dry 


weight) 

5000 

1800 

1000 

500 

180 

100 

50 

18 

(a) 1.5°C. 

1.5 

1.45 

0.545 

0.280 

0.124 

0.046 

0.031 

0.016 

0.016 

4.2 

1.70 

0.482 

0.295 

0.124 

0.039 

0.0311 

0.008 


6.1 

1.78 

0.540 

0.260 

0.093 

0.047 

0.031 

0.016 


8.5 

3.30 

1.20 

0.980 

0.420 

0.140 

0.078 

0.047 

0.008 

9.2 

3.82 

1.36 

0.779 

0.374 

0.125 

0.078 

0.031 

0.016 

10.3 

4.95 

1.95 

1.15 

0.576 

0.205 

0.125 

0.031 

0.015 

16.3 

23.4 

8.80 

5.75 

1 3.59 

2.01 

1.46 

1.09 

0.793 

18.7 

33.7 

16.5 

11.7 

I 8.06 1 

5.27 

4.35 

3.66 

3.02 

20.4 

53.7 

28.9 

21.3 

1 

11.9 

10.3 

9.10 

8.20 


(b) 20.7^C. 


1.5 

1.59 

0.590 

0.202 

0.140 

0.047 

0.016 

0.016 


3.8 

2.22 

0.794 

0.420 

0.185 

0.062 

0.016 

0.031 


4.2 

2.29 

0.700 

0.404 

0.202 

0.047 

0.031 

0.016 


6.1 

3.16 

1.04 

0.622 

0.280 

0.093 

0.062 

0.031 

0.016 

8.52 

7.26 

2.94 

! 1.73 

0.996 

0.452 

0.264 1 

0.171 

0.109 

8.59 

7.20 

2.74 

1 1.85 

1.01 

0.470 ! 

0.310 

0.170 

0.093 

16.3 

1 45.0 

25.2 

18.7 

14.2 

1 10.1 

8.75 i 

7.57 

6.63 

18.7 

82.0 

50.9 

41.6 

33.3 

t 29.3 i 

i 27.7 i 

26.4 

j 25.2 


(c) 35.8X. 


1.5 1 

2.37 

0.751 

0.362 

0.164 

0.0587 

0.039 ' 

0.016 


2,6 

3.10 

1,07 

0.624 

0.327 

0.109 

0.062 

0.031 

0.031 

4.2 

3.70 

1.24 

0.747 

0.327 

0.125 

0.110 

0.047 

0.023 

6.1 

5.51 

2.15 

1.23 

0.717 

0.327 

0.187 

0.125 

0.062 

8.52 

12.7 

4.27 

3.27 

1 2.08 

1.16 i 

0.904 

0.607 

i 0.374 

10.3 

20.6 

I 9.92 

6.87 

4.66 

2.76 

2.06 1 

1.52 

1.04 

15.6 

101.0 

64.4 

54.1 

45.2 

38.5 

36.2 ' 

34.8 

33.8 

16.3 

114. 

I 74.7 

63.3 

54.3 1 

47.2 

44.6 

42.4 

40.5 

18.7 

191. 

141. 

122. 

111. 

103. 

100. 

97.5 

95.5 

20.4 

246. 

179. 

160. 

! 146. 1 

135. 

131. 

127.2 

124, 


frequency. By total conductivity is meant the conductivity measured by an 
a.c. bridge. 

In figure 2 are shown curves for carrots reprcvsenting the variation of the di> 
electric constant, c, with moisture content at three temperatures, and at one 
frequency, 1.8 me. Figure 3 shows the variation of c with frequency for differ- 
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Fig. 2. Variation of € of dehydrated carrots with changes in moisture content.for three 
temperatures, at 1.8 me. There is considerably greater variation of e at low moistures at 
36.8®C, than at 20.7® or 1.5®C. All moisture contents refer to dry basis. 



Fig. 3. Variation of the dielectric constant with frequency at various moisture contents 
at 20.7®C. The frequency variation of c is very slight at low moisture contents, but is 
large for liigh moisture contents. 
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moisture contents at 20.7°C. From figure 2 one notes that there is only a 
small increase of the dielectric constant with increasing moisture imtil the mois- 



MOISTURE CONTENT (%)- DRY BASIS 

Fig. 4. Total conductivity of dehydrated carrots as a function of moisture content for 
various moisture contents and frequencies, at 1.5®C. As the frequency increases the con¬ 
ductivity also increases, but for all frequencies there is little or no change in conductivity 
until a moisture region of 6-8 per cent is attained. Although no work has been done upon 
very high moisture contents, it is probable that the curves flatten out at moistures slightly 
higher than the highest used in this work. 

ture reaches about 8 per cent. It is also clear that the slope of the dielectric 
constant-moisture curve increases mth temperature. 





610 


W. CBAWrOBD DUNLAP, JB., AND BENJAMIN MAKOWEK 


Figure 4 shows the variation of the total conductivity of the material as a 
function of moisture content for various frequencies, at 1.5°C. Figure 5 diows 
the same curves for 20.7®C., and figure 6 the curves for 35,8°C. The lliree sets 



MOISTURE C0NTENT-(%)-DRY BASIS 

Fia. 5. Total conductivity vs. moisture at 20.7‘’C. The rapid variation at 6-8 per cent 
at 1.5 0. has changed into a much slower one at 20.7 and there is considerably greater varia¬ 
tion of <r with moisture at low moisture contents. 

of curves show a marked transition in conductivity at low moistures as the tem¬ 
perature is increased. Thus at 1.6°C., there is almost no change of ccmductivity 
with change of moisture content until the moisture content reaches 6-8 per 
cent, at which moisture level the conductivity begins to rise rapidly. At 20. 7°C. 
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there is considerably greater variation of conductivity with moisture content, 
but there remains a definite sharp inflection in the curves. At 35.8®C. the sharp 
inflections have disappeared and the variation of conductivity with change of 



MOISTURE CONTENT (%)- dry basis 

Fig. 6. Total conductivity vs. moisture at 35.8^C. The sharp variations of %ure 5 
now appear only as a mild inflection of the curves. Coincidental with this change of shape 
of the curves, the slope in general decreases at high moistures with increase in temperature. 
Change in temperature, of course, also produces a general upward shift of all tlic curves. 

moisture is of the same order of magnitude at low and high moisture contents. 
In figure 7 some of the conductivity result^^ have been replotted to show varia¬ 
tion of conductivity with frequency at various moisture contents. It seems 
evident that at low moisture levels the conductivity is nearly linear with respect 
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to frequency change but tiiat at high moisture levels the conductivity begins^to 
increase markedly only above about 1000 kc. 



Fig. 7. Variation of total conductivity with frequency at 20.7°C. This figure is a re- 
plot of figure 6 to show the linear variation of u at low-moisture conductivities upon a 
log-log scale. Thus the specific conductivity is proportional to frequency at low moisture 
contents. 


Figure 8 shows the d.c. conductivity as a function of moisture content at three 
different temperatures. It is interesting to note that the 1.2®C. curve shows a 
sharp inflection similar to that for the radio-frequency curves of figures 4 and 5, 
but that the sharp inflections are not present in the 20.7'’C. and 35.8‘‘C. curves- 
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Hie d.c. oonductivity was found to vary with the age of the sample. For 
this reason the curves in figure 8 are not identical with the d.c. curves in figures 



Fio. 8. D.C. conductivity of dehydrated carrots at three temperatures. No elalmrate 
precautions have been taken in the measurement of the d.c. conductivity, so that results 
are not of high precision. The results are thought precise enough, however, so that tlie 
pronounced bend in the curve at 1.2°C. has some significance. 

4, 6, and 6, which were obtained at an earlier date. Thei’e appeared to be an 
increase of conductivity with age of sample, although there was no change in 
moisture content. This change in conductivity can probably be attributed to 
deterioration of the sample. The dielectric constant appeared to be much less 
sensitive to aging of the sample. 
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To determine the effect of particle sise upon the dielectric constant and con¬ 
ductivity, a set of experiments was carried out upon samples of 16.3 per cent 
and 15.6 per cent moisture and having particle-size distributions of IS-SS and 
<60 mesh (particles small enough to pass through a 60-mesh screen), respec¬ 
tively. Correcting the 18-35 mesh results (data in figures 2 and 3) for the 
slight difference in moisture content between the two samples (0.8 per cent), 
we have the results of table 3. It is seen that the two sets of figures agree quite 

TABLE 3 


Effect of change of particle-size distribution upon dielectric constant of dehydrated carrots 
of iS.S per cent moisture content 


PAXTICLE'SIZE DISTRIBU¬ 
TION 

FREQUENCY XN XltOCYCXES 

5000 

1800 

1000 

500 

180 

100 

50 

18 

18-36 mesh. 

<00 mesh. 

5.50 

5.35 

6.20 

5.96 

6.68 

6.47 

7.60 

7.26 

9.10 

8.90 

10.60 

10.33 

12.60 

12.73 

17.00 

17.36 


TABLE 4 


Effect of change of particle-size distribution upon specific conductivity of sample of table 1 


PARTICIE-SIZE DISTRI¬ 
BUTION 

FREQUENCY IN KILOCYCLES 

5000 

1800 

500 

50 

18 

0 

18-35 mesh. 

3.9X10-« 

3.7X10-* 

2.2X10-‘ 

1.9X10-‘ 

1.4X10-* 

1.0X10~« 

6.2X10-^^ 

4.9X10-’ 

4.2X10-' 

4.0X10-’ 

1.8X10-’ 

2.6X10-’ 

<60 mesh. 


closely, and it can be said as a first approximation that there is no pronounced 
difference between the dielectric constants of the 18-36 and the <60 mesh 
materials. 

With the same procedure for the a.c. and d.c. specific conductivity for the 
two particle-size distributions, the results shown in table 4 were observed. The 
results for the specific conductivity are seen to be similar to those for the di¬ 
electric constant. The d.c. conductivity is somewhat less for the large than 
for the sifiall particles. There appears to be no particularly pronounced change 
in either dielectric constant or conductivity with a change from 18-35 to <60 
mesh distribution. 

It was of interest to determine how the dielectric constant and specific con¬ 
ductivity vary with extent of packing of the sample. The measurements were 
made on 18-36 mesh material at two moisture levels, 1.5 and 16.3 per cent mois¬ 
ture. Curves representing the effect of compression on the variation of the 
dielectric constant with frequency for the 1.5 per cent moisture carrots have 
been plotted on a linear scale in figure 9, and for the 16.3 per cent moisture 
carrots on a logarithmic scale in figure 10. 

The effect of compression on conductivity has also been shown for the 16.3 
per cent carrots in figure 11. It may be noticed from figures 9 and 10 that 








Ficj. 9. Effect of compression upon the dielectric constant of dehydrated carrots of 1.6 
per cent water at various frequencies. The change of temperature from 20° to 40°C. has 
greater relative effect upon the compressed material than upon the uncompressed. 



Fig. 10. Effect of compression upon the dielectric constant of a high-moisture sample at 
various frequencies and temperatures. The compression increases the dielectric constant 
almost uniformly for all frequencies. However, the temperature effect is relatively greater 
at low frequencies. 
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compression translates the frequency curve uniformly upward. However, the 
€ shift is for low moistures on a linear scale, and for high moistures on a l<^a* 
rithmic scale. Figure 11 shows that the effect of compression is to change the 
frequency characteristic of a.c. conductivity of 16.3 per cent moisture carrots 



Fig. 11. Effect of compression upon the conductivity of the high>moisture 

sample of figure 10 


in much the same way as is produced by an increase in moisture content (see 
figure 7); that is, both tend to decrease the frequency variation of the con¬ 
ductivity. 


V. EFFECT OP ELECTRODE POLARIZATION 

It is of some interest to determine the effect of electrode polarization upon 
the values for the dielectric constant. Fricke and Curtis (4) have used a vari¬ 
able spacing method for the elimination of error due to electrode polarization in 
dielectric measurements on electrolytes. In the present experiment the elec- 
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trode spacing was not changed. Instead, the effective electrode area was 
changed by insertion of a hollow brass cylinder (0,17 cm. thick and 5.62 cm. 
long) in the measuring cell in order to divide the cell into two individual cells of 
equal thickness. The two cells were thus effectively connected in series. Both 
halves of the cell were filled with the sample at the same density as in the experi¬ 
ment without the separator. The dielectric constant of a sample of about 
20 per cent moisture was measured with and without the brass separator, at 
the lowest frequency used in this work (18 kc.) and at room temperature (21 °C.). 
The results in the two cases were: c = 28.5 without separator and t = 27.2 
with separator. It is considered that these i-esults agree within the experi¬ 
mental error of this particular experiment. 

It would be expected that if electrode polarization were predominant under 
the conditions of the experiment, the total capacity should be considerably 
reduced when the separator was used, since the electrode capacities of the two 
halves of the cell are connected in series. The fact that there was no appre¬ 
ciable change in apparent dielectric constant is taken to mean that the effect 
of electrode polarization is negligible. 

It has already been mentioned (Section II) that electrode polarization has 
been observed to be important in the measurement of d.c. resistance. Thus 
there must be a frequency between 0 and 18 kc. above which the electrode 
polarization ceases to be of practical importance. However, no experimental 
work has been done to determine this frequency. 

VI. DISCUSSION AND APPLICATION OF RESULTS TO MOISTURE DETERMINATION 

The radio-frequency dielectric properties of dehydrated carrots discussed 
above may be considered as representative of a large class of materials of vege¬ 
table nature or origin. It is of interest to examine the applicability of these 
properties to moisture determination by radio-frequency methods, at least for 
measurements made directly upon the material rather than upon an extract of 
the water from the material, as in the ‘‘Exluan*’ method (2, 12). 

It should be emphasized at the outset that absolute determination of moisture 
by electrical methods is not yet possible. Regardless of what variable is 
used for the measurement, one must make a calibration of the value of the 
variable (or of a meter reading corresponding to this value) against a standard 
method of measuring moisture. Since in general the calibration varies with 
type and variety of material, for a given instrument a separate calibration for 
each such material is required. The question of interest is to detennine what 
electrical quantity is most suitable for detecting the changes in moisture con¬ 
tent. It is also desirable that the quantity chosen show only a small (or con¬ 
stant) variation with change of temperature, in order to minimize the need for 
temperature control during measurements. 

The general information of figures 2 and 3 can be applied directly to the 
study of electrical testing of moisture. Figure 2 shows the variation of € with 
respect to moisture changes. It also shows variation of e with temperature, 
which information is important in determining the degree of temperature eon- 
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trol or correctron. From 6gure 3 can be obtained information as to the best 
frequency to be used for measuring moisture. Since there is eonsideiably 
greater variation of c with moisture at low than at high frequencies, tire lower 
frequencies may be best for this type of measurement. It is also true, however, 
that there is a greater temperature sensitivity at low frequencies. A discussion 
of selection of optimum conditions for moisture testing is given below. 

Similar information can be had for specific conductivity or dielectric loss 
from the results of figures 4, 5, 6, 7, and 8. It is seen that the cmiductivity 
shows a greater variation with moisture at low than at high frequencies. In¬ 
deed, for high moisture sensitivity, the d.c. conductivity seems the best char¬ 
acteristic of all for moisture testing, since in the region of 3-20 per cent, the 
d.c.. conductivity changes by a factor of 10* to 10*, and most of this variation 
is in the first few per cent moisture. The drawback is that the d.c. conduc¬ 
tivity is BO small that it is difficult to measure accurately over a large part of 
this resistance range. There must also be considered the fact that temperature 
and packing fluctuations will have a considerable effect, and it requires further 
study to decide whether there is any net gain to be obtained from the use of 
this vamble. Use of compression increases the conductivity at a given moisture 
content but also reduces the variation of conductivity with moisture content. 
Increase in frequency produces a similar effect on conductivity to that produced 
by compre.ssion. 

Other variables besides the dielectric constant and the conductivity could 
be used for measurement of the moisture content. Of these we shall discuss 
only (/) the impedance 

Vl + 

where C is the capacity of the cell, R the associated parallel resistance, and 

9 X lO'V 

(B) the power factor, w’hich is equal to *-at low moistures. 

m 

Although the impedance as such is not a property of the material only, w'e 
can define what we might call the “specific impedance” for the material in a 
cylindrical condenser of the type used in this work. This specific impedance 
Zn, is given by 

_ 1 _ 

+ 81X1(F 

where Zn is in ohm-centimeters, <r in ohm“* cm.“S and « » 2ir X frequency. The 
impedance Z is related to Zm by the equation 


h 



ELECTBICAL MOISTURE TESTING 


619 


At low moistures, for all radio-frequencies, Z varies very nearly as e and is 
practically independent of c. At higher moisture contents, Z may be equally 
dependent upon e and <r. 

As is well known, the value of the power factor is highly sensitive to the 
presence of water in insulating materials. Thus it can be used for measurement 
of the moisture content. Here we shall use the variable 

<r X 9 X 

a =- 

U>€ 

which is equal to the power factor at low moistures. Thus a is almost entirely 
dependent upon or at low moistures, because of the small variation of € with 
moisture in this range. 

Among the important properties of the variables mentioned above are {1) 
the range of actual values of the variable in the moisture region to be considered, 
(2) the relative moisture sensitivity (the percentage change in the variable per 
unit change in moisture content), {3) the temperature sensitivity of the variable 
(percentage change per unit change of temperature), and (4) the ratio of the 
relative moisture sensitivity to the temperature sensitivity, which is here con- 
side'red to be a measure of the ^‘net” sensitivity of the particular variable to 
change in moisture. 

From the results already presented a series of tables giving values of the above 
properties has been prepared for the variables O’, d.c. cr, and a. Because 
of space limitations the tables cannot be presented in ioto. Table 5, however, 
has been drawn up to summarize these results. It applies to the moisture 
regions of (a) 1.5-4.2 per cent, {b) 6.1-8.5 per cent, and (c) 10.3-18.7 per cent. 

From the results shown in table 5 it is seen that both the relative moisture 
sensitivity and the ‘‘net^^ sensitivity are larger for d.c. conductivity than for 
any of the other variables. The average value of this quantity is very small 
in the moisture range (4-12 per cent) of greatest importance in the testing of 
agricultural products. Hence it^s usefulness is likely to be limited, because of 
difficulties of measurement. 

In the low' moisture range € and Z have much smaller moisture sensitivities 
than the quantities {<t and a) that depend entirely or almost entirely upon <r. 
It Is also true, how'ever, that the temperature sensitivity is less for c than for 
<r and a, and the ‘‘net’^ sensitivities are approximately the same. In the inter¬ 
mediate moisture region, the moisture sensitivities of t and Z have increased 
to a greater extent than has that of or a, yet the ratios remain nearly the same. 
All, however, have nearly doubled, and it Is seen that the ^‘net” moisture sensi¬ 
tivity for all variables is higher in this range than in either the high-moisture 
or the low-moisture regions. It is significant that the values of the maximum 
net sensitivity are of the same order of magnitude for €, Z, or, and or, in all mois¬ 
ture regions used. 

The power factor seems, on the basis of the results in table 5, to be the best 
variable for use in electrical moisture testing, on the basis of both ^‘relative 
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moisture sensitivity” and “net sensitivity” in the three moisture ranges studied. 
However, the variations from variable to variable are not large in the case of 
the “net sensitivity,” which is important if good temperature control is not 
available. If good temperature control is available, the power factor and the 
dielectric loss (equivalent to either a.c. or total conductivity below say 12 per 

TABLE 6 

Moisture and temperature sensitivity of variables that can be used for electrical moisture testinr 


IIAXIUVU 

&E1.AT1VE 

FREQUENCY FOR 
MAXIMUM 

TEMPERATURE 

NET 

MAXIMUM NET 

FREQUENCY 
FOR MAXIMUM 

MOISTURE 

RELATIVE 

SENSITIVITY 

SENSITIVITY 

SENSITIVITY 

NET 

SENSITIVITY 

SENSITIVITY 




SENSITIVITY 


(a) Moisture range 1.5-4.2 per cent (dry basis) 




kc. 

per ccra 



ke. 

Z . 

2.14 

100 

0.73 

2.93 

3.39 

500 

a . 

24.8 

100 

5.76 

4.3 

4.42 

1000 

«r. 

24.9 

100 

6.24 

3.99 

4.19 

1000 

€. 

2.34 

18 

0.734 

3.87 

3.87 

18 

Vd.o. 

900. 


190. 

4.7 




(b) Moisture range 6.14-8.62 per cent (dry basis) 


z . 

17.1 

18 

2.77 

6.18 1 

8.53 

1800 

ot .. 

50.6 

50 

6.36 

7.96 

12.82 

1800 

gr. 

56.2 

180 

6.59 

8.38 

12.8 

1000 

t . 

17.0 

18 

2.36 

7.18 

9.27 

1000 

<rd.e. 

1500. 

48.3 

31. 









(c) Moisture range 16.3-18.7 per cent (dry basis) 


z . 

46.7 j 

18 

8.54 

6.47 

5.47 

18 

ct . 

42.35 

18 

7.48 

5.66 

6.12 

50 

a . 

48.6 

18 

8,32 

5.84 

5.84 

18 

€. 

10.96 

500 

2.25 

4.87 

5.51 

1800 

<rd.o.. 

270. 


13.5 

20. 




The relative moisture sensitivity is the percentage increase of the indicated quantity 
produced bjr unit change in percentage moisture. The temperature sensitivity is the 
percentage increase of the variable per degree increase in temperature (arranged over the 
moisture region considered). The “net sensitivity“ is the ratio of the “relative moisture 
sensitivity'' to the “temperature sensitivity," The “maximum relative moisture sensi¬ 
tivity" refers to the maximum value over the frequency range used. The term “maximum 
net sensitivity" refers to the maximum of the “net sensitivity" over the frequency range 
of 18 to 5000 kc. 


cent moisture) appear to be the most sensitive to moisture. It must be remem¬ 
bered, of course, that these conclusions are made without regard to the ease or 
accuracy with which the variables can be measured. 

It is also interesting that in general the maximum relative sensitivity and the 
maximum net sensitivity for all the variables discussed are at different fre¬ 
quencies. This is a consequence of the variation of the temperature sensitivity 
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with frequency. Thus for € in the low-moisture region both the maximum 
relative moisture sensitivity and the maximum net sensitivity are at 18 kc.; 
in the intermediate region, 6.1-8.5 per cent moisture, the relative sensitivity 
remained at 18 kc.; the net sensitivity, however, was a maximum at 1000 kc. 
In the high-moisture region the relative sensitivity was a maximum at 500 kc., 
whereas the net sensitivity was a maximum at 1800 kc. 

From the previous discussion it is concluded that if good temperature control 
is available, a low radio frequency is the most desirable for high moisture sensi¬ 
tivity. However, if temperature control is not available, to minimize errors 
from the temperature variations a high radio frequency is most suitable. 

VII. SUMMARY 

As the basis for a study of electrical moisture* testing by radio-frequency 
methods, measurements were made of the radio-frequency dielectric properties 
of dehydrated carrots, a material typical of those on which such methods are 
used. Measurements were made of the dielectric constant 6 and specific con¬ 
ductivity (T (a.c. and d.c.) as functions of moisture content (1.5-21.6 per cent), 
temperature (1.2-39.8°C.), frequency (18 kc. to 5 me.), density (0.760-1.38 g. 
per cubic centimeter), and particle size. The value of e increases little with 
moisture content up to 6-8 per cent; above this region c increases rapidly. 
Increase of temperature increases both the value of € and the rate of change 
of € with moisture. At 1.5°C. there is no detectable change of total cr with 
increase' in moisture until 6-8 per cent is reached; above this region the varia¬ 
tion becomes exponential. At higher temperatures this apparent discontinuity 
disappears. Particle size has little effect upon e or a, for a given bulk density. 
Increase of bulk density increases € and a unifonnly on a logarithmic scale for 
all frequencies. 

Measurement of the dielectric constant with and without floating electrode 
in the cell indicated lack of dependence of the results upon electrode polarization 
in the radio-frt^quency range. A discussion is given of the use of various vari¬ 
ables, including direct-current conductivity, dielectric constant, impedance, 
dielectric loss, and power-factor measurements, for measurement of moisture 
content of organic materials containing alxsorbed water. The conclusion is 
reached that, although the direct current <r is the most sensitive to moisture 
of the variables studied, its low average value and high sensitivity to tempera¬ 
ture make it unsuitable for moisture determination. The power factor was 
found to have the greatest ratio of moisture sensitivity relative to the tempera¬ 
ture sensitivit}’* for all moisture ranges studied, but, in general, the variables 
other than direct-current <r appeared to be nearly equivalent for moisture 
detennination. In all cases except for c at low moistures, a high radio frequency 
is most suitable for the electrical testing of moisture. 

The authors wish to thank T. M. Shaw for valuable assistance in the design¬ 
ing of the dielectric cell and for numerous helpful suggestions as to experi¬ 
mental methods and procedures. Miss Marion Carter assisted with some of 
the computations. 
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NEW BOOKS 

Fundamentals of Immunology. By Wiluam C. Boyd. 446 pp. New York: Interscience 

Publishers, Inc., 1943. Price: $5.50. 

This book covers the fundamental principles involved in immunological reactions, to¬ 
gether with a brief discussion of practical applications. A chapter of the book is devoted 
to laboratory techniques commonly used in serological laboratories. The author states 
that the purpose of the book is to serve as an introduction to immunology for medical 
students, chemists, biologists, and others interested in an understanding of the basic prin¬ 
ciples of the science. 

The introductory chapter of the book serves to introduce the reader to the science of 
immunity and immunology. In this chapter the author discusses the various kinds of 
immunity, the methods of measurement, and the mechanisms involved. 

Chapter two is a somewhat detailed description of antibodies and their specificity. The 
subject matter in this chapter is approached from the point of view of the chemist. The 
author wishes to make the student familiar with the fundamental principles involved be¬ 
fore introducing him to the theories and nomenclature inherent in older immunological 
literature. From the point of view of the chemist, he discusses the nature of the antibodies, 
the chemical behavior, methods of measurement, and purification. 

Chapters three and four deal with antigens. A distinction is made between cell antigens 
and others, the former being taken up separately in chapter three. Here, again, the sub¬ 
ject matter ie treated from the point of view of the chemist. The author discusses in some 
detail the nature of the chemical grtmpings which are responsible for antigenic 8|>ecificity. 

Chapter five takes up the question of human blood groupings. This chapter is rather 
brief, and therefore the subject matter is not taken up in as much detail as are some of the 
other topics included in the book. The author discusses the basis for the four classical 
blood groups and treats briefly the question of other antigenic principles, in addition to 
the ones involved in the four basic groups. 

Chapter six deals with antibody-antigen reactions. In this chapter the author has 
followed somewhat the scheme used by Marrack, in treating the antibody-antigen reaction 
as a two-stage reaction. The first stage concerns the combination of antibody with antigen, 
and the second stage involves those changes which make the reaction apparent to the 
observer, such as precipitation, agglutination, neutralization of toxin, complement fixa¬ 
tion, etc. The author’s presentation of the various theories that have been advanced 
concerning antibody-antigen reactions is excellent. The subject material in this chapter 
is developed almost entirely from the point of view of the chemist. 
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Chapter eeven is devoted to the discussion of complement and complement fixation. 
The part the complement plays in antibody-antigen reactions is at best obscure, but in 
this chapter the author has handled the subject matter in an excellent manner. 

Chapters eight and nine deal with anaphylaxis, allergy, and related phenomena. The 
last of these two chapters is devoted almost entirely to the question of relationship between 
allergy and immunity. 

Chapter ten is a brief discussion of the practical applications of artificial immunity, and 
chapter eleven is a discussion of laboratory and clinical techniques that are commonly used 
in serological laboratories. This chapter is sufficiently detailed so that it can well be used 
as a guide for most laboratory work. 

The author is to be commended for the excellent way in which he has presented the 
fundamental principles underlying immunology. The presentation is clear and concise. 
From a study of this book, a reader who is not familiar with the field will gain a good under¬ 
standing of the science involved. Naturally, someone who is already familiar with the 
subject matter will gain more by reading the book than one who is exposed to the field for 
the first time. The book may be criticized, perhaps, in not making the reader more familiar 
with the nomenclature used in older immunological literature. One who gains his knowl¬ 
edge by reading this book alone may find some older literature confusing, owing to the diff¬ 
erence in terminologies used. Many references are given throughout the book, and after 
each chapter there is an excellent bibliography of the more important literature. 

In order to conserve space, the author has treated some subjects rather briefly, and in 
some cases perhaps too briefly; for example, in the last chapter he has devoted some space 
to the discussion of statistical principles involved in serological studies. Although the 
statistical principles are presented fairly clearly and briefly, 1 question whether a reader 
who is not already familiar with this subject could learn enough from this discussion to 
make pro{>er use of the statistical principles. On Ihe other hand, readers who are familiar 
with the field of statistics would find this discussion too brief to be of much value to them. 

The author has succeeded very well in the object for which the book was intended. It 
is an excellent reference book for medical students, chemists, and biologists who are inter¬ 
ested in ihe science of immunology. It should also be of great help to persons who are in¬ 
terested in research in this field, 

H. O. Halvorson. 

Surface Tension a fid the Spreading of Liquids. By K. S. Burdon. x + 85 pp. London: 

CamV)ridge University Press (New York: The Macmillan Company'), 1940. Price: $1.75. 

This small volume, published in the series of Cambridge Physical Tracts, reviews briefly 
and in a readable manner the subject matter indicated in its title. The booklet will appeal 
primarily to readers not familiar with the subject matter who are interested in a short, 
well-balanced ^eview^ The author emphasizes some points of timely interest, but he 
refrains from presenting an exhausting review' or a critical survey of the newer literature. 
This, of course, limits the value of the book for a reader familiar wdth the field. 

Karl Sollner. 

Atomic Energy for Military Purposes By Henry D. ^myth 2M pj). Princeton, New' 

Jersey: Princeton ITniversity Press, 1945. Price: $2.00 cloth bound; $1.25 paper bound. 

This volume contains the full text of the official report on the development of the atomic 
bomb under the auspices of the United States Government during the years 1940-45. Writ¬ 
ten at the request of General L. R, Groves, it w'as first issued in mimeograph form. The 
book edition has been supplemented by including subject and name indices, photographic 
and line drawing illustrations, a description of the New' Mexico test, and some minor 
changes. 

In his foreword General Groves, who w'as in charge for the Army, warns that: “All per¬ 
tinent scientific information w'hich can be released to the public at this time without violat¬ 
ing the needs of national security is contained in this volume. No requests for additional 
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infarmation should be made to private persons or organizatfons associated directly or in¬ 
directly with the project. Persons disclosing or securing additional information by any 
means whatsoever without authorization are subject to severe penalties under the Ekipio- 
nage Act.” Under such authorization it must have been difficult to prepare this report. 
Dr. Smyth has done a careful and skillful piece of tight-tope walking. If he has said more 
than pleased the advocates of extreme secrecy on the one hand, he has said much less than 
would satisfy scientists on the other. 

Essentially, the account is complex in structure. The chronological element is inter¬ 
woven with personnel, organization, and location to such an extent that it is difficult to 
follow the development of a scientific problem through to the final answer and even more 
difficult to find its application. This was doubtless intentional and at present is necessary 
and in no way justifies criticism of the author. It is to be remembered that this is a project 
report of work in which scientific plans were only one of the many essentials. It should 
be BO regarded and not as an account of scientific work per se. 

To be specific, there is an admirable discussion of the principles involved in the separa¬ 
tion of isotopes as applicable either to deuterium or to uranium. Several methods are 
developed to the point where they proved either worthless or to have some value. Uncer¬ 
tainty remains as to which method had most potential or any final value. It is indicated 
that possibly one method was most useful in an early stage of investigation but was later 
superseded by another method more suitable for larger scale work. Such conclusions are 
rather left to inference. A great deal of reading between the lines is called for in many 
parts of the report. 

It is quite clear that the separation of U**^ proved so difficult that it was not carried on 
to large-scale production after it was discovered that plutonium is fissionable and can be 
produced on a large scale in a chain-opera ting neutron pile and can later be separated from 
uranium by chemical methods. Whether the U*** in the operating pile is initially en¬ 
riched with U*^* is not clear, though enriched piles do appear to have been used in some pre¬ 
liminary experiments. 

The construction of a plant to separate and purify plutonium based on methods worked 
out with quantities limited to a few micrograms is indeed a triumph of nuclear chemistry. 
The chemistry of a previously unknown element had to be worked out and expanded in 
application by a few billion fold, all under the severest time limitations. 

It is not clear why it was necessary to use metallic uranium in the pile instead of the oxide, 
but one is led to infer that the required purity could l>e attained only by electrolyzing the 
metal from a fused uranium fluoride bath. Also the superior heat conductivity of the metal 
must be a favorable factor. 

The necessity for encasing uranium in a water- and gas-tight container in the pile is based 
on two considerations: (/) to avoid chemical attack on the uranium; (2) the necessity of pre¬ 
venting contamination of the air or of the cooling water by radioactive products of the fis¬ 
sion. How well founded the fear of damage may have been cannot be judged without more 
complete data, but it is highly creditable that no chances were taken even under the stress 
of war emergency. 

In early experiments an effort w'as made to operate a uranium neutron pile by the use of 
uranium oSide instead of the metal. Chain factors closely approaching unity were achieved. 
Just why these efforts were abandoned in favor of the metal is not made entirely clear, but 
aside from chemical attack and heat conductivity, metal rods present advantages in hand¬ 
ling and in calculating the spacing and general pile pattern. The report contains little 
regarding the chemical effects of radiation, though they evidently are quite a factor. 

Although a great deal of attention was devoted to separation of heavy water, no final 
use seems to have been made of it either in the plutonium pile or in the bomb itself. 

At a fairly early stage of the project, interest was shifted from power utilization to the 
bomb. Development of useful power is therefore something for the future. This may be 
disappointing to those who could not imagine the expenditure of two billion dollars and the 
employment of 150,000 men and women over a period of five years in the production of three 
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bombs. But doubtless much of the undisclosed information will be valuable in the study of 
power production, and it is to be hoped that much more plutonium was produced than was 
used. 

Little is said about the resources of uranium either above or in the ground or of its geo¬ 
graphical location or distribution in either case. This is a subject of primary importance 
now and in the future. No doubt it has been and is being carefully studied. In the opera¬ 
tion of the uranium pile only a small fraction of the uranium is fissioned but it becomes con¬ 
taminated with fission products representing some twenty different elements, most of them 
radioactive and exceeding the amount of plutonium produced by perhaps ten to one hun¬ 
dred fold. The latter is not so stated in the report but can be inferred from some of the 
other data. The problem of repurifying this uranium so that it again may be used in the 
pile is a formidable one. It is not stated whether repurihed uranium is already being used 
in the pile, but it is indicated that time considerations made it preferable to store the con¬ 
taminated uranium temporarily and to use fresh material. This is a difficulty that will 
doubtless be overcome in normal operation, so that the uranium can be repeatedly used 
until exhausted. 

No mention is made of the recovery of radium as a by-product in the treatment of virgin 
uranium. Presumably the radium has been saved and may be used therapeutically or 
otherwise at a lower cost than formerly. True, great claims are made for the substitution 
of some of the radioactive products of fission; but although these may be available in much 
larger quantities than the previously knovrn products of artificial radioactivity, they may 
prove equally disappointing for therapeutic use. Radium seems likely to be preferred by 
radiologists for some time, especially if its cost will now be lowered. This raises also the 
interesting question as to whether new artificial radioactive elements other than plu¬ 
tonium and neptunium have been discovered. The report makes no reference to any, but 
the large quantities of fission products would make the detection of long-lived products 
much easier if any were produced. 

It is greatly to be hoped that reports of the details of all the scientific work carried out 
in the various laboratories working on atomic power can soon be published. To enter into 
an era of controlled research and suppressed information is something to be deplored and 
resisted by all scientists of the world. 


S. C. Lind. 
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